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The objectives of this study were to determine the effects of deboning time (preand post-rigor), processing steps (grinding - GB; salting - SB; batter formulation - BB),
and storage time on the microbiological, technological, sensory, and willingness-to-pay
attributes of beef sausage. Using the chuck primals from 5 24-month-old Holstein steers,
beef was deboned within 2 h post-mortem (pre-rigor) or 72 h (post-rigor) and processed
to sausages using beef bratwurst spice mix, water/ice slurry, corn syrup, erythorbate,
nitrite, salt, and 0.25% w/w sodium tripolyphosphate and a typical cooking cycle ending
at 74 °C. Samples were collected during grinding, salting, batter formulation, and storage
of cooked sausages. Beef deboning time did not influence bacterial counts (P ≥ 0.138).
However, salting of raw ground beef resulted in a 0.4-log reduction in both aerobic plate
count and Salmonella (P ≤ 0.001). Lactic acid bacteria increased from 0.5 log on d 0 to
3.8 log on d 120 of vacuum storage (P ≤ 0.019). The pH was greater in pre-rigor GB and
SB than in post-rigor GB and SB (P < 0.001). However, deboning time had no effect on
metmyoglobin reducing activity, cooking loss, and color of raw beef mixtures. Protein
solubility of pre-rigor SB (124.3 mg/kg) tended to be greater than that of post-rigor SB

(113.9 mg/kg; P = 0.071). TBARS were greater in BB but decreased during vacuum
storage of cooked sausage (P ≤ 0.018). With the exception of chewiness and saltiness
being 52.9 N-mm and 0.3 points greater in post-rigor sausage (P = 0.040 and 0.054,
respectively), instrumental texture profile analysis and descriptive sensory analysis
detected no difference between pre- and post-rigor sausages (P ≥ 0.153). Consumers
preferred the aroma, flavor, and overall acceptability of pre-rigor sausage when compared
to post-rigor sausage (P = 0.008, 0.029, and 0.011, respectively). Average predicted
demand was 0.7 lb greater for pre-rigor than post-rigor sausage at any price point from
$1/lb to $10/lb (P ≤ 0.001).
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CHAPTER I
INTRODUCTION
In developed countries such as the United States, where refrigeration is accessible
and commonly used throughout the population, the meat industry has adopted mechanical
refrigeration systems that may not necessarily be economical for meat production. As a
result, the U.S. meat industry has grown accustomed to massive refrigerated storage
rooms for carcasses. When these facilities are combined with the practice of chilling,
reheating, and re-chilling a massive amount of meat products each day, the need for more
efficient processing systems becomes necessary, which partially leads to pre-rigor
processing. Pre-rigor processing or hot boning increases production efficiency, which can
contribute to the production of better quality meat products at a lower price (Claussen et
al., 2018; Henrickson, 1983).
Pre-rigor or hotboned meat is deboned from the carcass early post-mortem, when
the muscles are still physiologically active with high pH and abundant ATP and has not
entered rigor mortis onset (Barbut, 2014; Claus et al., 1998; Claus et al., 1997). Pre-rigor
meat has technological advantages over post-rigor meat due to the greater pH, greater
water holding capacity, and better protein functionality (Claus and Sorheim, 2006;
Sukumaran et al., 2018). Moreover, pre-rigor processing could reduce chilling space
requirements up to 50%, resulting in cumulative saving in refrigeration energy, capital
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costs, and quicker plant turnover in the production of processed meat products (Pisula
and Tyburcy, 1996).
Pre-rigor deboning is practiced in Australia and New Zealand but is not
commonly used in many other countries including the United States. This is largely due
to concerns over training costs, hygiene and safety standards, and increased risk of
toughness due to muscle contraction after the muscles are removed from skeletal restraint
(Pisula and Tyburcy, 1996; Keenan et al., 2016). Even though research has indicated
many technological advantages of pre-rigor processing, commercial pre-rigor processing
has been slowly adopted, especially in the beef industry (Claus and Sorheim, 2006;
Sorheim et al., 2006; keenan et al., 2016; Henrickson, 1983). Pre-rigor processing
requires such a drastic change in the present segmented operation that it will take time
and innovative thinking to make the changes feasible. Some other impediments for
adoption of pre-rigor processing include logistical concerns over facilities, grading, fat
trim, sanitation, packaging, investment cost, and heat removal.
Previous research has shown that pre-rigor deboning is not suitable for whole
muscle processing because of the risk of cold shortening and decreased meat tenderness
(Keenan et al., 2016). However, the technological properties of pre-rigor meat such as
greater pH, greater water holding capacity, and better protein functionality are suitable
for comminuted processed meat such as sausages (Claus and Sorheim, 2006). These
attributes significantly decrease cooking loss of meat products and increase final yield.
For example, the meat industry in the United States has successfully adopted pre-rigor
processing of pork, especially sows, through short processing time from slaughter to the
chilling or freezing. Pre-rigor deboning of pork produces raw sausage in less than 90 min
2

after slaughter (Claussen et al., 2018; Henrickson, 1983). Pre-rigor deboning not only is
economical in processing and chilling but also provides the consumer with products of
higher quality and longer shelf life. Most raw pork sausages are now produced from prerigor pork (Claussen et al., 2018; Henrickson, 1983). However, the beef industry in the
United States has been reluctant to adopt pre-rigor processing. This is mainly because of
the concerns over logistics and safety as discussed above (Pisula and Tyburacy, 1997).
Moreover, research on the quality and safety of pre-rigor beef used for sausages is
lacking. Henrickson (1983) suggested that proper research is needed to explore pre-rigor
processing of culled cows and dairy cows in the United States because beef from these
animals is primarily used for comminuted products such as sausages.
Hence, the objectives of the current research were (1) to determine the effects of
pre-rigor deboning on the microbiological quality of beef sausage, (2) to determine the
effects of pre-rigor deboning on the technological and sensory attributes of beef sausage,
and (3) to determine the effects of pre-rigor deboning on the consumer demand and
willingness-to-pay attributes of beef sausage.
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CHAPTER II
LITERATURE REVIEW
Conversion of muscle to meat
In the living state, all organ systems in the animal’s body including muscles
function together to maintain an internal environment, where each system can function
efficiently. This mechanism of maintaining a narrow range of physiological conditions
(temperature, pH, oxygen, and energy) is homeostasis (Ferguson et al., 2001).
Conversion of muscle to meat includes a series of physiological and biochemical changes
as a response to the breach of homeostasis. Exsanguination (bleeding) disrupts
homeostasis, and leads to post-mortem changes in metabolism, energy levels (ATP),
temperature, pH, and proteolysis (Huff-Lonergan et al., 2010). Many of these changes
affect physical and chemical characteristics of meat. Exsanguination stops blood
circulation and limits the oxygen supply to muscles, the supply of nutrients, and the
removal of metabolic wastes. Lack of oxygen supply limits aerobic respiration through
the tricarboxylic acid (TCA) cycle, which is the major source of energy production in
muscles in living animals. This leads to a shift from aerobic metabolism to anaerobic
metabolism through the glycolytic pathway. However, anaerobic metabolism produces
much less adenosine triphosphate (ATP), at only 2 ATP molecules per glucose molecule
in comparison with 36 ATP molecules from aerobic respiration. Moreover, anaerobic
metabolism also produces lactic acid through the conversion of pyruvate. Due to the
4

absence of blood circulation, lactic acid remains in the muscle tissues, which leads to a
decline in muscle pH. In addition, the continuous contraction of pre-rigor muscles
produces hydronium ions through ATP hydrolysis and contributes to pH decline. The pH
of muscle in live beef cattle is 7.3 to 7.4 (Wright et al., 2015; Newbold and Harris, 1972),
lowers to 5.8 to 6.0 within 6 to 8 h post-mortem, and reaches an ultimate pH of 5.4 to 5.6
within 24 h post-mortem (O'halloran et al., 1997; Byrne et al., 2000). Lack of ATP in the
muscles leads to the formation of permanent actomyosin cross-bridges because ATP is
required for releasing the myosin heads from the actin filaments (Goll et al., 1984; HuffLonergan et al., 2010). This leads to the development of rigor-mortis in muscles, an
important post-mortem event during the conversion of muscle to meat. Development of
rigor-mortis leads to loss of extensibility of muscle fibers, shortening of sarcomeres, and
development of muscle tension. The release of muscle tension, termed the resolution of
rigor, occurs through the proteolytic activity of calcium-dependent enzymes in muscles
including calpains and cathepsins. These enzymes hydrolyze structural proteins such as
desmin, titin, nebulin, and costameres and weaken the ultrastructural integrity of muscle
filaments, which releases muscle tension. The proteolysis of structural proteins is directly
involved in meat tenderization (Huff-Lonergan et al., 2010; Huff-Lonergan et al., 1996;
Kendall et al., 1993). Time of deboning determines the extent of post-mortem changes in
muscles. Therefore, deboning time greatly influences the sensory quality of raw meat that
is evaluated based on color, tenderness, juiciness, and flavor (Adhikari et al., 2015).
Deboning time also impacts technological quality for further processing such as pH,
water holding capacity (WHC), and protein functionality (Claus and Sorheim, 2006). The
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initial quality of raw meat ultimately influences cooking loss, texture, color, flavor,
oxidation, and shelf-life of processed meat products.
Pre-rigor deboning and technological quality of pre-rigor deboned meat
Pre-rigor deboning is the removal of muscle from the carcasses within 90 min
post-mortem, before the muscles enter rigor-mortis (Troy, 2006; Claus and Sorheim,
2006). Pre-rigor meat is not typically used as whole muscle cuts, although it is common
in many meat markets such as those in developing countries (McCain et al., 2015). Prerigor meat is primarily used for further processed meat products such as sausages.
Therefore, it is usually mixed with sodium chloride (1 to 4 %) and immediately chilled to
minimize muscle contraction, glycolysis, and pH decline (Claus and Sorheim, 2006;
Troy, 2006). Ice may be used to chill pre-rigor meat; however, the amount of ice must be
in compliance with product formulation such as that of fresh sausage with 3% added
water limit. Ice, although inexpensive, cannot adequately reduce the meat temperature.
Therefore, solid carbon dioxide (dry ice) is used in the industry (e.g., 15 % w/w; Claus
and Sorheim, 2006). Grinding of pre-rigor meat is sometimes needed so that meat is
mixed well with dry ice for rapid chilling.
Pre-rigor meat, if processed correctly, remains in the pre-rigor state, and has a
greater pH because anaerobic metabolism, lactic acid accumulation, and muscle
contraction are limited. Therefore, pre-rigor meat has manufacturing advantages for
further processing, such as greater protein functionality, emulsifying capacity, and water
holding capacity when compared to post-rigor meat. The superior manufacturing
properties of pre-rigor meat is maintained by rapid cryogenic freezing before it is used for
further processing. Pre-rigor beef is usually frozen within 6 h post-mortem and stored at 6

18°C. Dry ice or mixtures of dry ice and liquid nitrogen are the most viable options for a
rapid and uniform chilling of a large volume of pre-rigor meat (Sorheim et al., 2006).
However, dry-ice chilling may damage the binding properties of meat proteins through
cold shortening or local freezing and thawing in the batch (Wynveen et al., 1999).
Thawing of frozen pre-rigor meat can result in biochemical changes such as protein
denaturation, which results in the loss of pre-rigor properties. Adding 1 to 4 % sodium
chloride before freezing or during thawing typically minimize these issues. Grinding
allows for not only better chilling but also greater penetration of salt so that the pre-rigor
properties of the meat can be maintained. The effects of salt on glycolysis and muscle
contraction is possibly a result of the denaturation of glycolytic enzymes (Hamm, 1977)
and the overwhelmingly high concentration of sodium in the extracellular environment.
Preventing muscles from contracting leaves an abundance of ATP, which prevents the
formation of actomyosin cross-bridges, thereby maintaining greater pH, greater WHC,
and better protein functionality.
pH
Pre-rigor meat has a greater pH than post-rigor meat (Laury & Sebranek, 2007;
Lin et al., 1979). Claus and Sorheim (2006) prepared pre-rigor ground beef patties from
Semimembranosus muscle deboned 3 h post-mortem. The ground beef batches were
salted (2 % w/w) immediately and the pH was measured both immediately and after
overnight storage. The pH of salted pre-rigor ground beef was 6.2 immediately after
grinding, and 5.83 after overnight storage. However, pH of post-rigor ground beef was
5.5. In similar processing steps with addition of 1.5% salt and dry-ice chilling pre-rigor
beef sausage production, Sukumaran et al. (2018) found that 2-h deboned beef had pH of
7

6.8; whereas 72-h deboned beef had much lower pH of 5.8. This phenomenon was
previously observed for pre-rigor pork that was used to produce ground pork, pork
patties, or pork sausage (Laury and Sebranek, 2007; Lin et al., 1979; Puolanne and
Terrell, 1983; Claussen et al., 2018). These researchers reported that the pH of raw prerigor pork was 0.4 to 1 unit greater than the pH of post-rigor pork. The decline in pH is a
normal physiological change in the muscle post-mortem that is caused by the
accumulation of lactic acid through the reduction of pyruvate, the end product of
glycolysis (Huff-Lonergan et al., 2005; Monin and Sellier, 1985). Under anaerobic
conditions, this reduction is catalyzed by lactate dehydrogenase under anaerobic
conditions. Muscle contraction continues post-mortem, if it is not salted, ground, and
chilled, which produces hydronium ions through the hydrolysis of ATP by the ATPase
that is located in the S1 subunit of the myosin heads (Matarneh et al., 2017). Hydronium
ions are produced not only through muscle contraction but also through glycolysis in the
sarcoplasm. Moreover, as post-mortem aging increases, a greater number of hydronium
ions are leaked from organelles such as mitochondria, where hydronium ions are
produced in abundance through the TCA cycle and electron transport chain (Thattai,
2017). The production and leakage of hydronium ions into the sarcoplasm and the
accumulation of lactic acid decrease the pH of post-mortem muscles. However, these
processes are minimal in pre-rigor muscle. Therefore, pre-rigor pH is close to the normal
physiological muscle pH of 7.3 to 7.4 (Wright et al., 2015; Newbold and Harris, 1972).
Research indicates that glycogen reserves in muscles influence ultimate muscle
pH. Starvation, long-term stress, and exhaustion increase ultimate muscle pH beef
because they all decrease muscular glycolytic potential (Cockram and Corley, 1991;
8

Viljoen et al., 2002). Since post mortem glycolysis causes the pH to decline, it is essential
to prevent glycolysis if the processors want to maintain the pre-rigor pH and meat
functionality. Moreover, pre-rigor meat is primarily used to produce comminuted
processed meat products such as sausages. Addition of salt is the most common method
employed by the processed meat industry to preserve the pre-rigor properties of meat.
Salting immediately after pre-rigor deboning suppresses glycolysis and muscle
contraction (Hamm, 1977) and minimizes pH decline in pre-rigor meat. Sukumaran et al.
(2018) added 1.5% sodium chloride to pre-rigor ground beef chilled by dry ice and
reported that the pH of salted pre-rigor beef was 0.2 to 0.5 unit greater than post-rigor
beef. Similarly, Sorheim et al. (2006) reported that pre-rigor ground beef with 1.6 to
1.7% sodium chloride had a pH of 6.2 at 3 h post-mortem. The inhibitory effects of
sodium ions on metabolic processes were first reported by Racker and Krimsky (1945)
and were confirmed in a report by Uttter (1950) in brain tissues. High concentrations of
sodium ions inhibited the transfer of phosphate from phosphoenolpyruvate
(phosphopyruvic acid) to either ADP or AMP (adenosine 5’-monophosphate), thereby
limiting glycolysis and the production of lactate. However, the effects that sodium has on
lactate dehydrogenase is not known. It is also important for the logistic consideration in
pre-rigor beef production that only adding sodium chloride does not completely stop
glycolysis. In the study by Sorheim et al. (2006), the pH was reduced to 5.9 at 30 h in raw
ground beef. Sukumaran et al. (2018) also documented a continuous decline of pH to 6.0
from an initial pH of 6.8 in pre-rigor ground beef. Some alternatives to sodium chloride
that have been discussed, however, are muscle relaxants such as magnesium salts and
phosphate. Phosphates are widely known to maintain muscle pH; whereas magnesium
9

salts act as inhibitors of muscle contraction. Magnesium modulates the release of calcium
and can decrease the release of calcium ions from sarcoplasmic reticulum. Moreover,
magnesium in excess amount, competes with calcium ions for binding sites. Since the
release of calcium from the sarcoplasmic reticulum is important for muscle contraction,
this antagonistic effect of magnesium on the calcium dependent pathways can suppress
muscle contraction (Touyz, 2004). Most studies have been focused on the use of
magnesium to improve meat tenderness. However, given the important roles of
magnesium in muscle relaxation, magnesium salts may be able to decrease the production
of hydronium ions, as previously discussed. When the pH of meat is greater than the
isoelectric point of myosin (pI = 5.4), especially greater than 5.9 (Honikel et al., 1981),
the protein functionality, WHC, and emulsifying properties of the meat are significantly
increased (Claus and Sorheim, 2006).
Water holding capacity (WHC)
Early postmortem biochemical changes including rate of proteolysis, pH decline, ,
and oxidation are key factors that influence the WHC of meat. First, changes in the intraand extracellular space during rigor impacts the ability of muscle to hold water. Much of
the water in the muscle is entrapped in cellular structures, specifically within intra- and
extra-myofibrillar spaces. Intra-myofibrillar space is the space within myofibrils,
whereas, extra-myofibrillar space includes space outside myofibrils within the cells and
outside the cell (Offer and Cousins, 1992). Therefore, major changes in the intracellular
structure of the muscle cells influence the ability of the cells to hold water (HuffLonergan and Lonergan, 2005; Offer and Cousins, 1992). The water in muscles exists in
3 forms, which include bound water, entrapped water, and free water. Bound water in
10

muscle constitutes 10 % of the total water present in the muscles and exists tightly bound
to the proteins through electrostatic forces. This fraction of water is permanently bound to
proteins; therefore, not affected by freezing or thermal treatments. The second fraction of
water, entrapped water is held in the muscle through steric space effect and polar
attraction to bound water. Free water is the water that is held in the muscle through weak
forces and are readily lost. The amount of free water in pre-rigor muscle is very limited.
However, factors that lead to alterations in the cell structure and net charge of proteins
can convert entrapped water to free water which is easily lost. As rigor progresses, actin
and myosin start cross-bridging, which leads to a reduction in intracellular space. The
sarcomere length of pre-rigor bovine sternomandibularis muscle was 1.9 to 2 µm at 1 h
post-mortem (pH = 6.8). However, after 24 h storage at 0˚ C (pH = 5.8), the sarcomeres
shortened 50 % to a final sarcomere length of 1 µm (Honikel et al., 1986). Because of
this, entrapped water held by steric spacing is forced into the extra-myofibrillar spaces as
free water, where it is more easily lost as drip or purge. Honikel et al. (1986) reported that
when the sarcomere length was shortened from 2 µm to 0.7 µm in beef muscle, drip loss
increased from 2 % to 9 %. In pre-rigor muscles, the formation of permanent actomyosin
bonds is minimal and most of the water remains in the intracellular spaces as entrapped
water, which results in less purge loss in pre-rigor meat than post rigor meat (Offer et al.,
1989).
The pH of the muscle influences the WHC of meat. In fresh meat, pre-rigor pH is
much greater than the isoelectric point of myofibrillar proteins, especially that of myosin
(pI = 5.4), which allows myofibrillar proteins in pre-rigor meat to be more negatively
charged than post-rigor meat. More negative charges result in myofibrillar proteins
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having a greater WHC due to hydrogen bonding. Additionally, since like charges repel,
myofilaments in pre-rigor muscles repel each other (steric effect), leading to a less
packed structural arrangement with more space for water. As a result, there is an increase
in intracellular space, as discussed previously, which allows muscle fibers to hold more
water.
The greater pH of pre-rigor muscle limits proteolysis and denaturation of the
myosin head, which leads to a greater lattice spacing in the muscle fiber. This greater
lattice spacing is also thought to be responsible for pre-rigor meat having a greater WHC
(Offer, 1991). Bond and Warner (2007) exercised lambs before slaughter and reported
that pH decline was faster in exercised lambs; however, final pH was similar to that of
non-exercised lambs. Although drip loss was not different between the two groups of
animals, these authors reported significantly greater purge loss (1.2% by meat weight)
and 24-h cooking loss (4% by meat weight) for meat from exercised lambs than for
control lambs. Slight differences in proteolysis caused the authors to suggest that greater
proteolysis might decrease WHC. Pearce et al. (2011) summarized several studies on the
relationship between meat tenderness and other quality attributes and reported a negative
correlation between tenderness (proteolysis) and WHC (intra-myofibrillar spaces). Data
from Bertram et al. (2002) indicated that after 14-d aging, pork tended to have greater
extra-myofibrillar water, which led to greater drip loss. Bowker et al. (2010) studied the
effects of aging on the cooking loss and protein solubility of pork loins. They reported
that proteolysis during aging increased WHC, thereby decreased the cooking loss by 2 %
(weigh percent). Protein solubility of these loins increased by 11 mg/g during the 8 days
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aging period. These authors suggested that the proteolytic changes in muscle during the
aging of meat led to increased WHC.
Increased water holding capacity has various benefits in whole muscle as well as
comminuted meat products, one of which is to decrease drip, purge, chilling, and cooking
losses (Bowker et al., 2010; Huff-Lonergan et al., 2005; Byrne et al., 2000). Bowater
(2001) estimated that pre-rigor deboning would increase yield by 4% and a beef plant
processing 500 cattle a day for 250 days per year would save $3.2 million. The author
reported that this saving is primarily achieved through reduction in chilling loss of beef
carcasses since pre-rigor processing usually employs rapid chilling methods rather than
conventional air chilling that is employed in post-rigor processing. Geesink et al. (2000)
reported that drip loss in lamb loins was 0.7 to 3 % (meat weight percentage) greater
during vacuum-packaged storage, when pre-rigor temperatures were greater than 25°C
compared to that of loins with pre-rigor temperatures of 0, 5, 10, 15 and 20°C. They
suggested that rapid pH decline at greater pre-rigor temperature can cause protein
denaturation, which decreases WHC. Gardner et al. (2005) measured the purge loss in
porcine longissimus dorsi muscle during 5 days of storage and determined that purge loss
increased up to 4 % during 5 d storage. These researchers reported a significant loss in
WHC of meat due to degradation of the protein desmin.
Cooking loss is directly influenced by WHC and is vital to the sensory quality of
cooked meat products, specifically juiciness (Van Oeckel et al., 1999) and texture of
finished products (Lawrie, 1998; Toscas et al., 1999; Van Oeckel et al., 1999; Cheng and
Sun, 2008). Zhuang et al (2011a) reported a 6% greater cooking yield for pre-rigor
chicken thighs than for post-rigor thighs without adverse effects of pre-rigor deboning on
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meat color and texture. Zhuang and Savage (2011b) reported similar results in chicken
breast with 2 % greater cooking yield for pre-rigor meat. This increase in cooking yield
was likely due to the greater pH of pre-rigor chicken breast (pH = 6.4) when compared to
post-rigor chicken breast (pH = 5.8). Pre-rigor processing is particularly advantageous for
comminuted meat products because ground meat typically loses more moisture during
cooking. Sorheim et al. (2006) reported that cooking loss of pre-rigor ground beef patties
was 6.7%, in comparison to 20.4 % for post-rigor patties. In the same study, cooking loss
of beef batter heated in tubes were 8% less for pre-rigor beef. These authors attributed the
greater yield in pre-rigor meat to greater pH, WHC, and protein solubility. Pre-rigor
properties were maintained by adding 1.5 % salt to pre-rigor ground beef. Farouk and
Swan (1997) reported 4 to 5% greater cooking yield of minced pre-rigor beef with 1.5%
sodium chloride than that of unsalted pre-rigor beef as control. The pH of the salted beef
was 0.6 units greater than that of the unsalted pre-rigor beef. Moreover, salted ground
beef had 3 mg/ml greater salt soluble protein solubility than unsalted controls. Bernthal et
al. (1989) used 0, 2, and 4% salt in pre-rigor ground beef, and found that WHC measured
as cooking yield increased from 0 to 2 % salt (56 % vs 69 %), however, remained same
as 2% when salt concentration was increased to 4 %. They suggested that a salt
concentration of more than 2 % caused proteins to salt out. Numerous studies have been
conducted on pre-rigor pork and poultry. These products have increased yield (Claussen
et al., 2018; Peng et al., 2009), more desirable color (Claussen et al., 2017; Peng et al.,
2009), and possess better texture (greater hardness, gumminess, and chewiness;
Medellin-Lopez et al., 2014; Peng et al., 2009). These authors attributed the increased
product yield and better texture of pre-rigor meat to enhanced protein functionality.
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Protein functionality
In meat products, myofibrillar proteins are crucial to the formation of a stable and
functional protein matrix. Contractile proteins, actin and myosin, determine the texture of
the cooked products (Roussel and Cheftel, 1990; Huff-Lonergan et al., 2005). The ability
of myofibrillar proteins to form and stabilize gel networks that are found in meat
emulsions is necessary for the texture of meat products (Roussel and Cheftel, 1990).
These proteins interact with each other (protein-protein interaction; Deng, 1981), with
water (protein-water interaction; Chou and Morr, 1979), and fat (protein-fat interaction;
El-Magoli et al., 1996). These interactions determine the gelation ability, emulsifying
capacity, and water and fat retention capacity in meat products.
Two factors that are be evaluated for protein functionality are electrostatic
conditions (pH and salt concentration) and protein concentration (Foegeding and Davis,
2011). Electron microscopy studies by Clark et al. (1981) revealed the formation of
different gel structures of meat proteins when heated. These authors observed
considerable differences in the frequencies of cross‐linking of the protein strands and gel
network homogeneity by altering pH and ionic strength. These gel structures were
subsequently termed particulate and fine-stranded gel networks (Clark & Tuffnell, 1980;
Clark et al., 1981; Clark, Saunderson, & Suggett, 1981). When pH is further from the
isoelectric point of proteins and electrostatic repulsion is favored among molecules, more
linear aggregates are formed in the gel matrix, resulting in fine-stranded gels with greater
WHC (van der Linden & Venema, 2007). When pH is near the isoelectric point of the
protein, the net charge of the protein is minimal, more spherical protein aggregates are
created in the gel matrix, producing particulate gel networks with less WHC. It is
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reasonable to hypothesize that, in pre-rigor meat batter, because the pH is much greater
than the isoelectric point of most myofibrillar proteins, the pre-rigor myofibrillar proteins
may form a finer, less particulate gel network with better WHC than post-rigor meat
batter since it has a lower pH that is closer to isoelectric point.
The concentration and quality of myofibrillar proteins are important in the
formation of stable and functional protein gels. Samejima et al (1982) observed that the
gelation properties of meat changed during aging. At various aging time points from 0 to
168 h post-mortem, the gel rigidity decreased as aging time increased. The gels formed
from pre-rigor meat (at 0 h) was able to withstand a force of 3200 dyn/cm2, whereas postrigor meat (at 168 h) was able to withstand a force of 2600 dyn/cm2. These authors
indicated that greater gel rigidity was caused by a greater proportion of non-denatured
myosin. Soluble proteins in comminuted meat products form a stable matrix structure by
binding the insoluble components such as fat (Zayas, 2012). Greater pH, better gelforming ability, and greater protein extractability of pre-rigor meat are highly
advantageous for processed meats such as sausages. Solubility of myofibrillar proteins,
specifically that of actin and myosin decreases with a decline in pH during post-mortem
glycolysis. A study using SDS- polyacrylamide gel electrophoresis revealed a sharp
reduction in myofibrillar protein solubility during rigor mortis (Honikel et al., 1981) that
was caused by the development of actomyosin bonds and pH decline. Sukumaran et al.
(2018) reported that pre-rigor beef trimmings with 1.5 % salt had 124 mg/kg of soluble
proteins; whereas, post-rigor beef with 1.5% NaCl had 114 mg/kg. Claus and Sorheim
(2006) also reported that pre-rigor ground beef with 1.5 % salt had 60 to 67 mg/g soluble
proteins, while post-rigor ground beef had 44 mg/g soluble protein. These authors also
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reported that the greater protein solubility resulted in greater fat binding and retention
leading to 5% more fat in cooked pre-rigor patties than in cooked post-rigor patties. Choi
et al (1987) similarly reported a 7% increase in soluble myofibrillar proteins from prerigor pork if salt was used. Without salt, pre-rigor pork sausage still had 5% more soluble
myofibrillar proteins. Sukumaran et al. (2018) added 1.5% sodium chloride in pre-rigor
ground beef destined for sausage production and observed a 13% increase in soluble
proteins when compared to unsalted pre-rigor ground beef. This increase might not be
directly correlated with pH because pH of salted pre-rigor ground beef was 0.8 units less
than unsalted pre-rigor ground beef. It is understandable that higher pH allows for more
net charge and more hydration of proteins. However, an increase in ionic strength by
additional sodium chloride seems to be more important than increased pH to activate
myofibrillar proteins and promote the protein unfolding and extraction (Hutton, 2002;
Tomberg, 2005). Schmidt (1987) reported that the myofibrillar proteins in meat (actin
and myosin) are insoluble at low salt concentrations but become soluble in concentrated
salt solutions (1.5 % or above). Offer and Trinick (1983) reported that storing the muscle
tissue in sodium chloride solutions (0.6M or greater) increased the diameter of myofibrils
when observed under phase contrast microscopy. The myofibril diameter increased 2.8
times when the concentration of sodium chloride was increased from 0.1M to 1.0 M. The
binding of chloride ions to myofibrillar proteins increased their net negative charge which
led to greater electrostatic repulsion and increased lattice space.
Proteolysis is another factor that influences protein functionality. Proteolysis or
the degradation of structural proteins has been identified as the primary mechanism of
meat tenderization (Huff-Lonergan et al., 2010). The activity of the calpain system, an
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enzymatic system responsible of proteolysis in meat, is mainly influenced by
temperature, pH, and ionic strength. Post-mortem drop in pH activates calpains, which
degrades the structural proteins of muscle cells, especially titin, nebulin, Z-line proteins,
and costameres, which leads to meat tenderization (Huff-Lonergan et al., 2010). In prerigor muscle, the pH is greater and the calpains are not completely activated. Most
published data seem to suggest that proteolysis under normal pH decline results in more
protein extraction and greater WHC of meat than under faster pH decline conditions
(Bowker et al., 2010; Van Laack, 1999). However, in a few studies, high pH as a result
of low glycogen potential and stress seem to promote proteolysis in such a way that it
decreases WHC (Bond et al., 2007; Pearce et al., 2011). Bond et al. (2007) studied the
effects of exercising lambs before slaughter on post-mortem muscle proteolysis and
WHC. Pre-slaughter exercise lead to a rapid decline in post-mortem pH and resulted in
the proteolysis of Z-line proteins and desmin. Authors speculated that proteolysis of Zline proteins at a pH < 5.7 decreased the myofibrillar resistance to external forces and
reduced the amount of lattice space that was available to hold water. Irreversible
structural damage through proteolysis resulted in lowered WHC and greater drip loss.
Effects of pre-rigor deboning on quality of processed meat products
The technological advantages of pre-rigor meat such as greater WHC and protein
functionality make it highly desirable for the production of processed meat products,
especially, comminuted products such as sausages. In addition to less cooking loss,
processed meats that are produced from pre-rigor meats have better texture, juiciness,
color, and flavor and are less susceptible to lipid oxidation when compared to processed
meats produced from post-rigor meat
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Sorheim et al (2006) reported that salted (1.5 %) pre-rigor ground beef patties had
greater texture measurements than post-rigor ground beef. The hardness, springiness,
cohesiveness, and chewiness of these pre-rigor ground beef patties were 115.1 N, 82.1 %,
43.7 %, and 41.7, respectively, much greater than 39.8 N, 69.1 %, 33.3 %, and 9.2,
respectively for post-rigor ground beef patties. Claus and Sorheim (2006) reported that
cooked pre-rigor ground beef patties (with 1.5 % salt) had 49 N greater hardness, 15 %
greater springiness, 17 % greater cohesiveness, and 26 units greater chewiness than postrigor ground beef patties. Farouk and Swan (1997) studied the effects of salting and
salting time of pre-rigor beef and its effects on thaw drip and shear stress of sausage.
Minced beef was prepared from the beef hind quarter within 45 min of slaughter and
separated into different batches. Different batches were salted (1.5 %) at various pH
levels from 6.8 to 6.0. The controls were not salted. The minced beef batches were
vacuum stored in -20˚ C for 5 d, thawed, and used for sausage production. These
researchers determined that the ultimate pH was influenced by salting but not by time of
salting. The salted minced beef had a pH of 6.0 or greater after thawing in comparison to
5.7 for unsalted minced beef. Torsion testing that was conducted on cooked sausages
demonstrated up to 2 times greater stress and a 20 % increase in strain in sausages from
salted minced beef than those without salt. Freezing denatures actin and myosin and
affects protein extraction. However, pre-rigor salted beef had more actin and myosin
extracted before freezing and therefore, have more extracted protein than unsalted beef
minces. These researchers suggested that the greater strain and stress values of pre-rigor
salted sausages were due to the greater quality and quantity of proteins extracted.
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Meat color is influenced by the rate of oxygen diffusion, metmyoglobin reducing
activity, pH, and WHC (Van-Lack and Smulders, 1990). In meat, myoglobin exists in
three redox states: deoxymyoglobin (purplish-red), oxymyoglobin (bright cherry-red in
beef), and metmyoglobin (brown). The formation of oxymyoglobin via oxygenation of
deoxymyoglobin determines initial red color intensity. The development of brown color
is a result of myoglobin oxidation. Metmyoglobin reducing activity regenerates ferrous
myoglobin and is critical for meat color stability (Bekhit & Faustman, 2005; Faustman &
Cassens, 1990; Ledward, 1985). Metmyoglobin reduction is dependent on oxygenscavenging enzymes, reducing enzyme systems, and the NADH reserve in muscles.
However, both enzyme systems and NADH continue to deplete as time postmortem
progresses (Mancini and Hunt, 2005). Pre-rigor meat contains more of these enzymes and
NADH due to its shorter duration of post-mortem changes. Mendenhall (1989) reported
that ground beef patties that were produced from pre-rigor beef with a pH of 6.2 had
greater redness than those from post-rigor beef with a pH of 5.3 to 5.7. The greater
redness of pre-rigor ground beef was attributed to the greater pH and myoglobin
concentration (Pivotto et al., 2014; Sammel et al., 2002). However, Claus and Sorheim
(2006) reported that the color of ground beef produced from pre-rigor beef was lighter
than post-rigor patties. These authors stated that the lighter color was a result of better fat
retention in pre-rigor beef patties. Although it is generally recognized that greater pH
leads to darker color, there is limited published information on the effect of pre-rigor pH
(> 6.0) on meat color. Meat color is partly determined by light scattering properties of
meat (Kim et al., 2014). Meat with a greater ultimate pH has a greater WHC and closer
myofibrillar spacing than meat with a lower ultimate pH. Hence, higher ultimate pH meat
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scatters less light and is more translucent and darker than low pH meat (Lawrie, 1985;
Offer et al., 1989). Swan and Hall (1995) report that the lightness of beef slices decreased
with increased ultimate pH. Another theory is that pre-rigor meat allows for better
oxygen penetration than post-rigor meat because sarcomere length in pre-rigor meat is
greater than that of sarcomere in post-rigor meat (Huff-Lonergan and Lonergan, 2005). It
is important to recognize that metmyoglobin reductase activity is greater in higher pH
meat. Sammel et al. (2002) reported that pre-rigor beef round muscle had more
metmyoglobin-reducing activity and subsequently had better color stability than postrigor muscles. Holtcamp et al. (2018) reported that a stressed steer had up to 75 % greater
metmyoglobin reductase activity than the rest of the animals. Moreover, the greater pH in
pre-rigor meat results in much of water being immobilized by myofibrillar proteins.
Therefore, there is much less water to dissolve myoglobin, which leaves the pre-rigor
meat darker (Mendenhall, 1989).
A variety of intrinsic properties and processing steps predispose meat to lipid
oxidation (Faustman et al., 2010). For example, ground meat has greater lipid oxidation
than whole-muscle meat since the grinding incorporates oxygen, mixes reactive
components, and increases surface area by reducing particle size (Gray et al., 1996).
Lipid oxidation leads to the formation of chemical compounds that can cause rancid
odors and flavors. Primary products of lipid oxidation are compounds that are formed
during the initiation and early propagation stages. Free radicals such as alkyl, alkoxy, and
peroxy compounds can readily abstract protons from surrounding molecules. Peroxides
undergo further scission to form smaller secondary oxidation products including
aldehydes, ketones, and epoxides. Some of the highly researched secondary oxidation
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products include hexanal, propanal, malondialdehyde (Faustman et al., 2010; Sakai et al.,
1998; Siu & Draper, 1978) and 4-hydroxynonenal (Faustman et al., 2010; Sakai et al.,
1995). Watts (1954) reported that development of fat rancidity was less when meat pH
increased. Drerup et al. (1981) and Yasosky et al. (1984) both reported that autoxidation
rate, measured by thiobarbituric acid reactive substances (TBARS), were less in pre-rigor
ground and salted pork than in post-rigor pork. These authors also found that the higher
was the pre-rigor pH of the ground pork, the lower the TBARS value. Lipid oxidation is
also influenced by salting. Early salting (within 2 h post-mortem) of pre-rigor meat
during processing makes it more susceptible to oxidation since salt is a prooxidant that
increases the activity of lipoxygenase enzyme (Jin, et al., 2011; Mariutti, & Bragagnolo,
2017; O'Neill et al., 1999).
Effects on microbiological attributes
Pre-rigor processing, despite its technological advantages, potentially poses a
greater risk of pathogenic and spoilage bacterial growth (Pisula and Tyburacy, 1997;
Reid et al., 2017). A disadvantage of hot boning is that the meat temperature is within the
danger zone (5 to 60˚C; Kim et al., 2013). When meat is deboned and chilled, there is an
increased risk of pathogenic bacteria. In post-rigor deboning, microbial growth on
carcasses is controlled by a combination of drying and cooling of the carcass surface.
However, when the meat is hot-boned and packaged, moist meat surfaces may be
contaminated and provide an opportunity for microbial growth since they stay moist and
sticky (Logtestijn et al., 1983). The opportunity for contamination is greater due to
increased surface area (cutting and grinding) and an elevated temperature at which prerigor meat is handled (Kotula, 1981). The surface temperature of post-rigor deboned meat
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is usually less than 15°C for beef and less than 10°C for smaller livestock. At these
temperatures, the growth of pathogenic bacteria is slow, and the meat is further chilled to
7°C within a few hours of boning. At 7°C and below, the growth of pathogenic bacteria is
negligible and for this reason, chilling to 7°C or below is regarded as critical for food
safety (Sukumaran et al., 2015). In the case of true hot-boned meat, the temperature of
boneless meat surface is 20 to 35°C at the time of packaging. At these temperatures,
pathogenic bacteria adapt to their new environment within 1 h and begin to grow quickly.
Therefore, pre-rigor meat must be chilled quickly to below 7°C after it is deboned in
order to control the growth of pathogenic bacteria. Sorheim et al. (2006) suggested to
chill pre-rigor beef to 2°C to maintain pre-rigor properties. Even though many studies
have evaluated the microbiological attributes of pre-rigor deboned meat, reports from
different laboratories are difficult to compare due to differences in sampling and
bacteriological enumeration techniques. Yet it appears that pre-rigor deboning as such
(Kastner et al., 1976; Sheridan and Sherington, 1982), in combination with various prerigor focused packaging (vacuum, modified atmosphere, tightly wrapped; Emswiler and
Kotula, 1979; Devine, Wahlgren, and Thornburg, 1999), or immediate salting and
chilling (Sukumaran et al., 2018) may not affect the bacteriological condition of meat.
However, Fung et al., 1980 and Reid et al., 2017 did find higher initial bacterial counts in
hot-boned meat.
A recent scientific opinion by the European Food Safety Authority (EFSA)
identified Salmonella and Escherichia coli O157 as high priority hazards for beef (EFSA,
2013). Salmonella and E. coli O157 are carried asymptomatically in the gastrointestinal
tract of cattle and shed in the feces. Pre-rigor beef surface temperatures range between
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15°C and 20°C immediately after slaughter (Reid et al., 2017). This temperature range
supports the survival and growth of both Salmonella spp. and E. coli O157 (Sheridan and
Sherington, 1982; Spooncer, 1993; Yang et al., 2011). However, Reid et al (2017)
reported that Salmonella counts in pre- and post-rigor deboned beef subprimals were
similar, at 1.9 to 2.3 log CFU/cm2 at 0 h, then similarly decreased by 0.5 to 1 log
CFU/cm2 after 24-h chilling at 2°C. Reid et al (2017) also reported that the total
psychrotropic count on hot-boned beef subprimals that were vacuum-packaged for 4 wk
at 2 °C was 4.9 log CFU/cm2, which was greater than the 3.1 log CFU/cm2 on cold-boned
subprimals. In the same study, total mesophilic counts were 2.2 log more on hot-boned
subprimals and had 12-d earlier onset and the package exploded due to Clostridium spp.
spoilage. The authors observed that conventional chilling had a greater aerobic exposure
time while hot-boned meat is handled more (Reid et al., 2017). However, no differences
in pH or water activity were observed between two types of meat, which might be an
indicator that without quick chilling, hot-boned meat does not contain quality advantages
and is microbiologically riskier. Devine, Wahlgren, and Thornburg (1999) used a
packaging system that tightly wrapped the hot-boned beef subprimals to increase
tenderness. The hot-boned beef initially had slightly (less than 0.5 log) less bacterial
counts than conventionally deboned beef. However, after 14 d, hot-boned beef had
almost 1 log less bacteria than conventionally deboned beef, regardless of the chilling
regimens. Schwan (2015) inoculated Shiga toxin-producing E. coli (STEC) on surface of
beef carcasses and found less attachment of STEC on pre-rigor carcasses than on postrigor carcasses. The STEC reduction due to lactic acid spray was also greater in pre-rigor
carcasses. The author suggested that late exposure after contamination (inoculation) of
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pre-rigor carcasses to chilling either suppressed bacterial growth or made them more
susceptible to antimicrobials. It seems, from literature data, that the nature of pre-rigor
meat does not affect microbial growth, but rather the time of deboning, bacterial
exposure, and subsequent chilling is more impactful.
Cubed meat and trimming from pre-rigor deboned beef carcasses are mostly used
for the production of injected whole muscles and comminuted products such as ground
beef, beef patties, and sausage. Eilers et al (1994) reported 2.9 and 2.6 log initial APC for
hot- and cold-boned semimembranosus cuts on d 0, and after 17 d, the hot-boned cuts had
3.5 log, whereas the cold-boned cuts had 3.2 log. Newsome et al (1987), when evaluating
restructured steaks from hot- and cold-boned beef, observed that regardless of type of
steaks (restructured or whole muscle cut), hot-boned steaks had greater microbial counts
than cold-boned steaks. On the contrary, van Laack and Smulders (1990) found either
similar or less (approx. 0.5 log) aerobic mesophilic and psychrotrophic counts in hotboned beef steaks than in the cold-boned ones. All beef had initial count of more than 3.5
logs. The difference in processing by these authors was that their beef was frozen at 40°C before steak production. The freezing might affect initial microflora of beef. With
such a minimal difference and similar growth rate in both hot- and cold-boned beef, these
authors suggested that deboning time did not impact the microbiological quality of beef.
Ground beef has a much larger surface area and more surface nutrients than whole
muscle cuts. Therefore, microbial growth is greater in ground beef from hot-boned
carcasses (Kotula, 1981). However, aerobic plate counts of ground beef and patties
prepared from pre- and post-rigor deboned beef were not different when the pre-rigor
deboned beef was chilled using carbon dioxide (Kotula, 1981). Sukumaran et al. (2018)
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supported this finding with similar aerobic bacterial counts, at approximately 2.5 log, for
both pre- and post-rigor ground beef mixtures. Both mixtures, if stored under
refrigeration, regardless of the difference in pH, provided similar support for the growth
of Salmonella and E. coli. Deboning time did not have as much of an impact on
Salmonella and E. coli growth as salting and batter formulation even though no
antimicrobial, except for salt, was used. Even though microbiology studies are scarce on
the pre-rigor beef, many studies have been conducted in pre-rigor ground pork products.
Thomas et al (2013) produced shelf stable emulsion type pork sausages from pre- and
post-rigor pork and found that pre-rigor sausages had 0.3 log CFU/g greater total plate
counts than post-rigor sausages over a storage period of 6 d. Duffey et al. (2001)
collected ground pork samples from different processing settings, including sow hot
boning facility and traditional slaughter and processing facility. In this study, average
aerobic plate counts were less in ground pork samples from plants producing hot-boned
sow sausage (2.9 log CFU/g) than those from traditional ground pork processing plants
(3.3 log CFU/g). Similarly, total coliform counts were less in hot-boned ground pork (1.3
log CFU/g) than in cold-boned ground pork (1.5 log CFU/g).
Antimicrobial decontamination has similar effects on pre-rigor meat as it does on
post-rigor meat. Study conducted by Duffey et al. (2001) reported that the overall
bacterial counts in hot-boned pork sausages were slightly less than those in traditional
pork sausages. This study suggested that despite the deboning method employed, proper
implementation of good manufacturing practices and sanitation standard operating
procedures are more important for the safety of meat products. Recent study by Penney et
al. (2007) reported that washing pre-rigor deboned veal and beef flaps with 180-ppm
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peroxy acetic acid reduced the counts of E. coli O157: H7 by 2.7 and 3.2 log CFU/cm2,
respectively, when the initial inoculum was 5 log CFU/cm2. This study demonstrated that
commonly employed antimicrobial interventions such as hot water wash along with
peroxy acetic acid can be equally effective in hot boning facilities to decontaminate meat.
Conclusion
Previous studies indicate that the use of pre-rigor deboned meat greatly improves
the quality of comminuted meat products such as sausages. This improved processing
quality of pre-rigor meat is attributed to its greater pH, WHC, and protein functionality.
Moreover, microbiological counts of pre-rigor deboned meat are comparable to post-rigor
deboned meats. However, the majority of research on pre-rigor processing has been
conducted on comminuted pork products. Further studies are required to determine the
suitability of pre-rigor processing for comminuted beef products such as sausages.
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CHAPTER III
EFFECT OF DEBONING TIME ON THE GROWTH OF SALMONELLA, E. COLI,
AEROBIC, AND LACTIC ACID BACTERIA DURING BEEF SAUSAGE
PROCESSING AND STORAGE
{Sukumaran, A. T., Holtcamp, A. J., Englishbey, A. K., Campbell, Y. L., Kim, T.,
Schilling, M. W., & Dinh, T. T. (2018). Effect of deboning time on the growth of
Salmonella, E. coli, aerobic, and lactic acid bacteria during beef sausage processing and
storage. Meat Science}
Abstract
The objective of the current study was to determine the effects of deboning time,
three steps of sausage processing (grinding, salting, and batter formulation), and storage
time (of raw materials and cooked sausage) on the growth (log CFU/g) of aerobic
bacteria, lactic acid bacteria, and inoculated Salmonella and E. coli. Beef deboning time
did not influence bacterial counts (P ≥ 0.138). However, salting of raw ground beef
resulted in a 0.4-log reduction in both aerobic plate count (APC) and Salmonella (P ≤
0.001). Lactic acid bacteria were increased from non-detectable concentration (0.54 log)
on d 0 to 3.8 log on d 120 of vacuum storage (P ≤ 0.019). Salmonella counts were
increased (P < 0.001) over storage time (3.2 to 3.3 log CFU/g from d 0 to 10). Results
indicated that salting and batter formulation had a greater impact on bacterial counts than
rigor state of raw beef.
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Introduction
Meat that is deboned from the carcass early postmortem, when the muscles are
still physiologically active with substantially high pH and available ATP and has not
entered rigor mortis onset, is referred to as pre-rigor meat (Barbut, 2014; Claus, Jordan,
Eigel, Marriott, and Shaw, 1998; Claus, Wang, and Marriott, 1997). Addition of salt to
pre-rigor meat prevents further development of rigor, thus retains the pre-rigor
functionality of meat (Pisula and Tyburcy, 1996). Economic benefit of pre-rigor
deboning is to conserve space, electricity, and work force (Pisula and Tyburcy, 1996).
Wang, Xu, and Zhou (2009) reported that sausage prepared from pre-rigor meat had
greater water-holding capacity, less total expressible juice (5% less), less purge loss (up
to 1.4% less), and better texture than post-rigor sausage. However, pre-rigor meat is more
commonly used for fresh pork sausage such as bratwurst (Claussen, McElroy, Wilson,
Boetel, Chu, & Hollenbeck, 2017) than for cooked beef sausage, mostly because of
logistic issues of beef harvest and deboning and safety concerns of E. coli (FSIS, 2017).
Despite its economic and processing advantages, pre-rigor deboning has been
adopted very cautiously by the meat industry because it is still uncertain whether prerigor deboning can ensure high standards of sanitary and safe meat (Reid, Fanning,
Whyte, Kerry, and Bolton, 2017; van Laack and Smulders, 1989). Proliferation of enteric
pathogens such as Salmonella and E. coli is a potential risk during pre-rigor deboning
because carcass surface temperature is 15 to 20°C immediately after slaughter, supporting
the survival and growth of these pathogens (Reid et al., 2017; Lee, Fung, and Kastner,
1985). The overall prevalence of Salmonella enterica in beef carcasses and ground beef
across United States was up to 7.5 and 4.2%, respectively, 94.2% of which contained 2
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log CFU/g or less (Rhoades, Duffy, and Koutsoumanis, 2009; Bosilevac, Guerini,
Kalchayanand, and Koohmaraie, 2009). Moreover, beef is one of the major sources of
more than 25% of all reported E. coli outbreaks and more than 40% of related illnesses.
E. coli has long been used as an indicator of fecal contamination and the presence of
pathogens (Scott et al., 2003) such as Salmonella in meat (McCain et al., 2015). In addition,
growth of lactic acid and saccharolytic bacteria occurs rapidly in pre-rigor beef,
especially with slow chilling rate (Lee et al., 1985; Smulders and Woolthuis, 1985).
During sausage production, grinding, salting, and batter formulation are the key
processing steps, substantially altering characteristics of raw materials and cooked
sausage (Noor, Radhakrishnan, & Hussain, 2016). They are points of contamination, but
they also serve as critical control points for microbial interventions (Noor et al., 2016).
Hence, the objective of the current study was to determine the effects of deboning
time (pre- or post-rigor), three steps of sausage processing (grinding, salting, and batter
formulation), and storage time (of raw materials and cooked sausage) on the growth of
aerobic bacteria, lactic acid bacteria, and inoculated Salmonella and E. coli.
Materials and Methods
Experimental design and treatment application
Five 24-month old Holstein steers were slaughtered in the federally inspected
Mississippi Meat Science and Muscle Biology Laboratory. Carcasses were
decontaminated by 80°C hot-water wash and 3% acetic acid spray, an approved HACCP
measure. The left chuck primals were deboned and lean trimming was ground to 1.27-cm
particle size, and salted (1.5% w/w) using a 50-lb capacity paddle mixer within 2 h postmortem (pre-rigor treatment). Pre-rigor beef lean trimming was then immediately chilled
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to 2°C by mixing with dry ice (crushed powder; 15% w/w), covered, and stored
aerobically in plastics lugs at 2°C. The right chuck primals remained on the carcasses and
were deboned at 72 h post-mortem (post-rigor treatment). Lean trimming was cubed and
stored aerobically at 4°C until sausage processing without immediate salting. Post-rigor
lean trimming was ground to 1.27-cm particle size on the same day of sausage
processing. Salting of post-rigor meat was performed after 1.27-cm grinding, however,
before and separately from batter formulation for the purpose of sampling post-rigor
salted beef. During deboning, fat trimming was collected from beef briskets, chucks,
rounds, and plates on the same beef sides, separated from lean trimming, and processed
similarly to lean trimming of the same treatment. Ground beef (approximately 50 lbs of
lean and 20 lbs of fat trimming) was processed into sausage batter (approximately 50-lb
batches) at 6 d post-mortem. Lean and fat trimmings were ground separately through
0.16-cm plate and mixed with ingredients. Fat and lean were then blended together and
ground again through 0.16-cm plate. Sausage batter was produced using a proprietary
formula including beef bratwurst spice mix, water/ice slurry, corn syrup, erythorbate,
nitrite, salt, and 0.25% (w/w) sodium tripolyphosphate. Antimicrobials (lactate and
diacetate salts) were omitted. The sausage batter was stuffed into 32-mm synthetic
collagen casings, tied into 15.2-cm links, and cooked by a generic smoked sausage cook
cycle (pre-drying, smoking, steaming, and shower) to a core temperature of 74°C.
Cooked sausage was chilled for 24 h, vacuum-packaged (oxygen transmission rate of 3 to
6 mL per m2 per 24 h at 4.4°C and 0% relative humidity and moisture vapor transmission
rate of 0.5 to 7.75×10-4 to 9.3×10-4 g per cm2 per 24 h at 37.8°C and 100% relative
humidity; Cryovac B2620 barrier bags, Sealed Air Corporation, Duncan, SC) with 5
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sausage links per package, and stored at 2°C for 0, 30, 60, 90, and 120 d. The storage
length was based on the typical commercial processing conditions and expectations,
which usually allows 3 to 4 weeks for vacuum-packaged sausage to reach various
markets, and 30 to 120 d to be sold. Equipment used for sausage production and cooking
was cleaned with hot water and soap thoroughly between each experimental unit (batch
of sausage).
Sample collection and preparation
During sausage production, triplicate 25-g samples were collected after grinding
(ground beef - GB), after salting (salted beef - SB), and after formulating sausage batter
(beef sausage batter - BB) for inoculation with Salmonella and E. coli. These processing
steps were chosen because they markedly changed the physical, chemical, and
microbiological attributes of raw materials and cooked sausage. They all involved mixing
and were potentially points of cross-contamination. For aerobic and lactic acid bacteria
plate counts, triplicate 10-g samples were also collected after each processing step. Prerigor GB and SB were collected on the day of deboning because coarse-grinding and
salting were required to maintain pre-rigor properties. However, post-rigor beef was only
cubed, not ground on the day of deboning. Post-rigor GB samples were collected on the
day of sausage production, after 1.27-cm coarse grinding, but before salting, 0.16-cm fine
grinding, and batter formulation. This is to mimic normal timeline of post-rigor sausage
production. Salting of post-rigor beef was performed separately from batter formulation
so that post-rigor SB samples could be collected. This also followed typical industry
practice to improve extractability of proteins before adding water/ice slurry, fat trimming,
and other dry ingredients. Cooked sausage was sampled on d 0, 30, 60, 90, and 120 from
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vacuum packages. Sausage samples were frozen in liquid nitrogen, pulverized to fine
powder, and stored at -80°C for subsequent determination of aerobic plate count and
lactic acid bacteria.
Salmonella and E. coli strains and inoculum preparation
Three strains of Salmonella including Salmonella enterica ser. Typhimurium
ATCC 14028, S. enterica ser. Enteritidis ATCC 4931, and S. enterica ser. Braenderup
ATCC BAA-664 (Hardy Diagnostics, Santa Maria, CA) and generic E. coli (Hardy
Diagnostics, Santa Maria, CA) were used in the current study. All Salmonella serotypes
were individually cultured in trypticase soy broth (TSB) (Beckton Dickinson and
Company, Durham, NC) supplemented with 50-mg/L nalidixic acid (Sigma-Aldrich, St.
Louis, MO) (Weissinger, Chantarapanont, and Beuchat, 2000). Individual stock cultures
were stored at 4°C on brilliant green agar supplemented with 50-mg/L nalidixic acid. A
single colony was suspended in 10 mL of TSB supplemented with 50-mg/L nalidixic acid
and incubated at 37°C for 24 h to reach a stationary phase concentration of 108 CFU/mL.
The bacterial suspensions in TSB were centrifuged at 3300 × g for 10 min and the pellets
were suspended in 0.1% (w/v) sterile peptone water. A cocktail of the three strains was
prepared by mixing equal volumes of the suspensions. The cocktail was serially diluted in
0.1% (w/v) sterile peptone water to prepare an inoculum containing 106 CFU/mL of
Salmonella. E. coli stock cultures were prepared in EMB agar supplemented with 20mg/L nalidixic acid and stored at 4°C. A single colony was suspended in 10 mL of TSB
supplemented with 20-mg/L nalidixic acid and incubated at 37°C for 24 h to reach a
stationary phase concentration of 108 CFU/mL. The bacterial suspension in TSB was
centrifuged at 3300 × g for 10 minutes, and the pellet was suspended in 0.1% (w/v) sterile
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peptone water. The suspension was serially diluted in 0.1% (w/v) sterile peptone water to
prepare an inoculum containing 105 to 106 CFU/mL of E. coli.
Salmonella and E. coli inoculation and storage
Triplicate 25-g samples were inoculated with 100 µl of inoculum containing 6 log
CFU/mL of Salmonella. Separate triplicate 25-g samples were inoculated with 100 µL of
5 log CFU/mL of E. coli inoculum. The final inoculated concentration for Salmonella and
E. coli. Was 3.0 to 3.5 log and 2.5 to 2.6 log CFU/g, respectively, based on the
preliminary trials to determine inoculum concentration and d-0 concentrations (Figure 4
& 5). Inoculated samples were stored for 0, 3, 7, and 10 d at 4°C. The d-0 samples were
given 30-min attachment before bacterial cells were extracted and enumerated.
Sample analysis
pH
pH of GB, SB, and BB was recorded in triplicate by inserting a portable digital
FC 2320 digital probe with temperature compensation (Hanna Instruments United States,
Inc., Woonsocket, RI) directly into the samples. For cooked sausage, 1 g of pulverized
sample was mixed with 10 mL of deionized water and pH was recorded by a
temperature-compensation probe (Accumet 13-620-631, Fisher Scientific, Waltham,
MA). Both pH meters were calibrated with pH 4, 7, and 10 buffers.
Water activity (aw). Water activity of fat trimming, GB, SB, and BB was measured by a
portable Aqualab Pawkit water activity meter (Decagon Devices Inc., Pullman,
Washington, USA). The instrument was calibrated using 6-M NaCl solution (aw = 0.76)
and 13.41-M lithium chloride solution (aw = 0.25).
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Aerobic plate count (APC) and lactic acid bacteria count (LAB)
A 10-g sample was mixed with 90 mL of 0.1% (w/v) sterile peptone water in a
sterile Whirlpack™ bag and homogenized by gentle hand shaking for 2 min. The
homogenate was serially diluted with 0.1% (w/v) sterile peptone water by 100-fold, and 1
mL of each dilution was plated onto a 3M™ APC Petrifilm™ (3M Corporation, St. Paul,
MN). The Petrifilm™ was incubated at 37°C for 48 h, and red colored colonies were
counted (Interpretation guide- 3M™ APC Petrifilm™). Counts were reported as log
CFU/g. To determine LAB counts, 0.5 mL of the homogenate was mixed with 0.5 mL of
commercially available MRS broth (Laboratory Media Corporation, Batavia, IL) and
plated on 3M™APC Petrifilm™. The plates were incubated aerobically for 48 h at 37°C,
red colonies were counted, and LAB was reported as log CFU/g. Both samples and
dilutions were weighed and analyzed in duplicate.
Salmonella and E. coli enumeration
Each 25-g inoculated sample was mixed with 225 mL of 0.1% (w/v) sterile
peptone water in a Whirlpack™ bag and homogenized by gentle hand shaking for 2 min.
For Salmonella, 100 µl of the homogenate was plated in duplicate onto XLD agar plates
supplemented with 50-mg/L nalidixic acid. The plates were incubated at 35°C for 48 h
and black colonies with a metallic sheen were counted as Salmonella. For E. coli, a
similar extraction was performed, and 100 µl of the homogenate was plated onto EMB
agar plates supplemented with 20-mg/L nalidixic acid in duplicate. The plates were
incubated at 35°C for 48 h and dark purple colonies with green sheen were counted as E.
coli. Bacterial counts were reported as log CFU/g.
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Statistical analysis
Data were analyzed as a split-plot design nested in a randomized complete block
design with animal serving as the random block. Processing step (grinding - GB, salting SB, or formulating batter - BB) and/or storage time served as split-plot factor. Both
processing step and storage time were used in the statistical model to analyze Salmonella
and E. coli data. However, only processing step was used in statistical model to analyze
pH, APC, and LAB of raw beef mixtures; whereas only storage time was used for cooked
sausage. A generalized linear mixed model was used with deboning time (pre- or postrigor), processing step, and/or storage time serving as fixed effects, and animal serving as
a random block effect. Analysis of variances was performed in the GLIMMIX procedure
of SAS 9.4 (SAS Institute Inc., Cary, NC). Means, if different, were separated by a
protected t-test in the LSMEANS option of the GLIMMIX procedure. Comparison of
APC between GB and beef fat was performed by a paired t-test. Statistical significance
was determined at P ≤ 0.05 unless otherwise noted.
Results and Discussion
pH
The pH of raw beef was greater in pre-rigor samples (6.78, 6.07, and 6.01 in GB,
SB, and BB, respectively) than in post-rigor ones (5.84, 5.56, and 5.76 in GB, SB, and
BB, respectively; P ≤ 0.036). Within the pre-rigor treatment, the pH was greater in GB
(6.78) than SB and BB (6.07 and 6.01; P < 0.001). Within the post-rigor treatment, the
pH was greater in GB (5.84) than in SB (5.56; P = 0.021); however, pH values for BB
(5.76) and SB did not differ (P = 0.094). After cooking, pH of cooked sausage was 6.17
(pre-rigor) to 6.00 (post-rigor). Although pH of cooked sausage was gradually decreased
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to 5.69, 5.41, and 5.19 on d 60, 90, and 120, pH was similar between pre-and post-rigor
treatments across storage times (P = 0.662).
Similar to the current study, previous studies have reported a greater pH in
sausage prepared from pre-rigor muscle than those prepared from post-rigor muscle
(Laury and Sebranek, 2007; Lin, Topel, and Walker, 1979). The pH of pre-rigor pork
sausage was 6.2 and that of post-rigor sausage was 5.6 (Laury and Sebranek, 2007). This
is a result of incomplete conversion of muscle to meat in pre-rigor muscle because both
anaerobic metabolism and muscle contraction are inhibited, which prevents pH decline.
Addition of salt suppresses glycolysis and muscle contraction, possibly because of its
denaturation effect on glycolytic enzymes and ATPase (Hamm, 1977). However, Claus
and Sorheim (2006) suggested that a salt concentration of 1.7% was not enough to inhibit
glycolysis completely in pre-rigor ground beef, even if the meat is immediately chilled.
In the current study, 1.5% salt was used, which might not be sufficient to prevent the
initial pH from declining. However, addition of more salt will jeopardize technological
and sensory attributes of raw meat. Moreover, pH decline during storage of cooked
sausage was likely caused by the growth of LAB in vacuum packages (Sachindra,
Sakhare, Yashoda, and Narasimha, 2005). Lactic acid bacteria metabolize simple
carbohydrate such as glucose, fructose, mannose, ribose, and their phosphate derivatives
(Koutsidis, Elmore, Oruna-Concha, Campo, Wood, & Mottram, 2008) in meat to lactic
acid (Pothakos, Devlieghere, Villani, Bjorkroth, & Ercolini, 2015).
Water activity
Water activity of fat trimming, GB, SB, and BB was not affected by deboning
time (P = 0.908) but by processing step (P < 0.001). The aw started at 0.98 for both GB
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and fat trimming (P = 0.745), was decreased to 0.90 in SB (P < 0.001), but increased
back to 0.94 in BB, which was still less than initial aw in beef lean and fat trimmings (P <
0.001).
In the current study, addition of salt decreased aw of beef trimming. This
phenomenon has been well-documented (Van Long, Rigalma, Coroller, Dadure, Debaets,
Mounier, and Vasseur, 2017; Matthews and Strong, 2005). This reduction in aw
suppresses microbial growth because water is less available to microorganisms (Scott,
1957). In an environment with low aw, water effluxes rapidly from the cell, causing
cellular shrinkage, and changing cellular shape and metabolic activities (Deacon, 2006;
Plemenitas, Lenassi, Konte, Kejzar, Zajc, Gostincar, and Gunde-Cimerman, 2014).
APC and LAB count
Aerobic plate count and LAB count of GB, SB, and BB were not influenced by beef
deboning time (P = 0.660: Figure 3.1). Among processing steps, APC was greatest in GB
(2.72 log CFU/g; P ≤ 0.001) compared with SB and BB (2.26 and 2.25 log CFU/g,
respectively; Figure 3.1). Aerobic plate count of beef fat was 0.9 and 1.7 log CFU/g for
pre- and post-rigor treatments, respectively, and did not differ (P = 0.063). As expected,
APC of beef fat was 1.4 log less than that of GB (P < 0.001). No LAB was detectable in
raw meat mixtures sampled during sausage processing. In vacuum-packaged beef
sausage, APC was not influenced by deboning time (P = 0.897; Figure 3.2). However,
APC was increased from 2.03 log CFU/g on d 0 to 3.22 log CFU/g on d 30 of storage (P
= 0.008; Figure 3.2). Aerobic plate counts were 3.11, 3.64, and 3.77 log CFU/g on d 60,
90, and 120 of storage, respectively, all of which were similar and did not differ from
APC on d 30 (P ≥ 0.201). Lactic acid bacterial count was not influenced by deboning
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time (P = 0.135), but by storage time (P < 0.001; Figure 3.3). Lactic acid bacteria in
vacuum-packaged sausage was increased (P < 0.001) from 0.55 log CFU/g on d 0 to 2.50
log CFU/g on d 30, remained unchanged on d 60 (3.2 log CFU/g; P = 0.071), but further
increased to 3.42 and 3.80 log CFU/g on d 90 and d 120, respectively (Figure 3.3; P ≤
0.019).
Aerobic bacterial count in raw beef mixtures in the current study was less than
what has been reported and was well below the suggested spoilage level of 7 log CFU/g
for raw meat (Ercolini et al., 2011). The count has been reported at 4.7 log CFU/g or
more in coarsely ground beef (Eisel, Linton, and Muriana, 1997; Jay, Vilai, and Hughes,
2003), which was greater than an average of 2.7 and 1.3 log CFU/g in both GB and beef
fat, respectively, in the current study. Aerobic bacterial load greatly depends on many
factors such as conditions of incoming whole muscles (Eisel et al., 1997; Dorsa, Cutter,
and Sirgusa, 1998), slaughter equipment, and hygiene of slaughter environment (Phillips,
Jordan, Morris, Jenson, and Sumner, 2006). Beef quarters with 3 to 5 log CFU/cm2 of
APC resulted in an APC of 5 to 7 log CFU/ g in ground beef patties (Oblinger, Kennedy
Jr, and West, 1984). Raw meat emulsion contained on average 2.7 log CFU/g of
Enterobacteriaceae/g, 5.2 log CFU/g of mesophoilic count, and 4 log CFU/g of LAB
count (Borch, Nerbrink, and Svensson, 1988). Beef trimming in the current study was
single-sourced; therefore, it had less bacterial count than multi-sourced trimmings
typically used in the industry (Pohlman et al., 2009). Moreover, Chung, Dickson, and
Grouse (1989) reported that proliferation of bacteria was slower in fat tissues than in lean
tissues, possibly because fat tissues lack protein required for microbial growth (Grau and
Vanderlinde, 1993). Hence, the mixing of fat during sausage processing would not
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increase bacterial load of sausage batter because in addition to having less APC, fat
trimming was used with much smaller proportion than lean triming in sausage
formulation. Results in the current study, showing a reduction of APC throughout
sausage processing, were similar to those reported by Sachindra et al. (2005), with 5.4 log
CFU/g in raw minced buffalo meat, 5 log CFU/g in sausage batter, and 3.7 log CFU/g in
cooked sausage. This might be caused by salt addition, batter emulsification, and a
dilution effect by fat trimming. Salt addition suppresses APC (Tyopponen, Petaja, and
Mattila-Sandholm, 2003); whereas salt reduction in sausage increases APC (Aaslyng,
Vestergaard, and Koch, 2014). Similarly, O’Connor, Brewer, McKeith, Novakofski, and
Carr (1993) reported that ground pork formulated with NaCl (2.5 % w/w) had up to 1 log
CFU/g of APC less than ground pork without salt addition until d 14 of storage at 4°C.
Salt concentration in the current study was only 1.5 %, resulting in approximately 0.5-log
reduction, less effective in decreasing bacterial load than 2.5 % salt. However, as stated
previously, more salt addition was not advised for pre-rigor processing because more salt
would need to be added later for protein extraction and binding. Reduction of APC from
raw sausage batter to cooked sausage was expected because of lethal effect of thermal
processing. It has been concluded that most APC of cooked sausage was caused by crosscontamination from processing environment, packers’ hands and working surfaces
(Dykes, Cloete, and von Holy, 1991).
Sachindra et al. (2005) reported that the total plate count in vacuum-packaged,
cooked buffalo sausage was increased by 2.3 log CFU/g in 32 d of storage at 4°C.
However, in the current study, APC in cooked sausage was only increased by 1.2 log
CFU/g from d 0 to d 30 in vacuum packages at 4°C. Moreover, there was no further
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increase in APC from d 30 to d 120, which could be explained by the growth of LAB,
producing lactic acid and carbon dioxide and causing pH to decline (Korkeala, Lindroth,
Ahvenainen, and Alanko, 1987). Carbon dioxide also made the package environment
more anaerobic, which was not suitable for the growth of aerobic bacteria. Sachindra et
al. (2005) reported that LAB was increased at a greater rate (5 log CFU/g) than APC (2
log CFU/g) in vacuum packages of cooked sausage at 4°C for 32 d. Moreover, the 5-log
increase in 32 d of vacuum storage reported by these authors was greater than the 2-log
growth rate in 30 d in the current study. Lactic acid bacteria were the major
microorganism responsible for spoilage of sausages stored in vacuum packages at 4°C.
The LAB count in spoiled sausages has been reported to be 7 log CFU/g, a level reached
in 40 to 45 d in vacuum packages at 4°C (Korkeala et al., 1987). Although starting at a
non-detectable level, similar to what was reported by these authors, the LAB count in the
current study was much less than 7-log on d 120. However, signs of spoilage had
occurred on d 120 of vacuum storage at 4°C. Growth of LAB decreased pH, as
previously discussed, to 5.19, indicating deterioration of organoleptic quality at this
point. Sources of LAB contamination of meat include factory microflora, processing
hygiene, and packaging and storage conditions (Samelis, Kakouri, and Rementzis, 2000).
In the current study, even though LAB count was increased in vacuum-packaged cooked
sausage during refrigerated storage, it was not detected in GB, SB, and BB, confirming
that anaerobic environment favored the growth of LAB.
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Salmonella and E. coli
Salmonella counts were not affected by deboning time (P = 0.251; Figure 3.4)
with average Salmonella counts in pre- and post-rigor beef across processing steps and
across storage times were 3.23 and 3.28 log CFU/g, respectively. However, sausage
processing decreased Salmonella count from 3.57 log CFU/g in GB to 3.13 and 3.06 log
CFU/g in SB and BB, respectively (Figure 3.4; P < 0.001). Salmonella counts of GB, SB,
and BB from both pre- and post-rigor beef were all gradually increased over storage time,
from 3.21 log CFU/g on d 0 to 3.29 log CFU/g on d 10 (Figure 3.4; P < 0.001).
There was a 2-way processing step × storage time interaction for E. coli count
(Figure 3.5; P = 0.022). E. coli count was decreased in GB from d 0 (2.57 log CFU/g) to
d 3 (2.17 log CFU/g; P = 0.006) but increased by d 7 (2.51 log CFU/g; P = 0.018), and
remained unchanged on d 10 (2.50 log CFU/g; P = 0.953). In SB, E. coli counts were
similar on d 0 (2.51 log CFU/g) and d 3 (2.53 log CFU/g; P = 0.883), but was decreased
by d 7 (2.40 log CFU/g; P = 0.047) before being increased by d 10 (2.53 log CFU/g; P =
0.014). No change in E. coli count was observed in BB from d 0 to 10 (2.51 to 2.59 log
CFU/g; P ≥ 0.169). Averaged across deboning times, similar E. coli count was
determined for GB, SB, and BB on d 0 (day of inoculation; 2.51 to 2.58 log CFU/g; P ≥
0.530). On d 3, E. coli count in GB was 2.2 log CFU/g, less than both SB and BB (2.5 log
CFU/g; P ≤ 0.001). However, by d 7 and d 10, E. coli count on GB, SB, and BB returned
to a similar concentration of 2.4 to 2.5 log CFU/g (P ≥ 0.091).
Reid et al. (2017) similarly reported no effect of pre-rigor deboning on
Salmonella counts in beef, compared with post-rigor deboning. However, greater
proliferation of mesophilic bacteria in pre-rigor beef than in post-rigor beef (3.7 vs. 2.7
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log CFU/cm2 in 14 d) under refrigeration has been previously reported (Fung et al.,
1980). Van laack and Smulders (1991) also reported a slight reduction in aerobic
mesophilic bacteria (0.1 log CFU/g) by pre-rigor deboning in restructured beef steaks. In
the current study, under 4°C storage, there was only 0.1-log CFU/g increase in
Salmonella count in raw beef mixtures from three processing steps after d 10. Although
statistically significant, it is important to note that this rate of proliferation is not
technologically meaningful. This statistical significance was a result of minimal variation
within and among days, indicating that the experiment was well-controlled. Supporting
the findings in the current study, Mackey and Roberts (1980) reported that Salmonella
multiplied very slowly in beef chilled at 7°C or below. Therefore, 4°C storage modeled in
the current study, typical of modern meat processing, might have resulted in very slow
Salmonella growth over a 10-d period. This finding suggested that raw beef mixtures
during sausage processing could be stored at 4°C with minimal proliferation of
pathogenic bacteria such as Salmonella. In addition to temperature effect, Salmonella
count in GB was greater than in SB and BB, suggesting lethal effects of salt on
Salmonella, similar to previous discussion on aerobic bacteria. Bactericidal impact of salt
has been widely reported (Hajmeer, Ceylan, Marsden, and Fung, 2006; Sofos, 1984;
Marsden, 1980). Hajmeer and others (2006) exposed Salmonella Typhimurium and E.
coli O157:H7 to sodium chloride solutions of 0, 5, and 10% and observed that
irregularities occurred in cellular morphology such as elongation, partial disintegration of
cell membrane, and loss of cell integrity. Van Long and others (2017) similarly reported
hyperosmotic stress, delaying fungal development in foods as a response to sodium
chloride exposure and water activity reduction. Gibson, Bratchell, and Roberts (1988)
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observed a 3-fold increase in generation time of Salmonella in tryptic soy broth when salt
concentration was increased from 0.8 to 4.5%, thereby slowing down the growth rate. It
is worth noting that initial Salmonella counts in raw mixtures from three processing steps
of both pre- and post-rigor beef were similar, indicating a well-controlled and consistent
preparation and inoculation among replicates. Lethal impact of salt was also not observed
in E. coli; however, a slight decrease was found in GB, which could be attributed to
residual effect of 3% acetic acid spray during harvest. Upon chilling, the effects of
organic acids were diminished. On the contrary, Loeffelholz, Ford, and Doyle (1992) and
Omer and others (2010) reported the bacteriostatic effect of 1.5 % sodium chloride on in
vitro growth of E. coli. However, various studies on E. coli O157:H7 indicated that this
pathogen survive salt concentration of more than 2.5% (Reitsma & Henning, 1996;
Winkler, Garcia, Olson, Callaway, & Kao, 2014). Moreover, exposure to acidic condition
such as residual organic acid sprayed on beef carcasses increased cross-protection against
sodium chloride (Garren, Harrison, & Russell, 1998). This finding emphasizes the
importance of controlling E. coli in beef processing because unless antimicrobials are
used, salting and other further processes may not provide sufficient lethal effects on E.
coli. In the current study, E. coli count was not increased further on d 7 and 10 and was
similar among processing steps. This phenomenon might be explained by competitive
inhibition of pathogenic bacteria by spoilage microflora (Mattila-Sandholm and Skytta,
1991).
Conclusion
The findings in the current study suggested that pre-rigor beef, similar to postrigor beef, if processed and stored properly under refrigeration within 7 d of deboning,
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can be used to produce cooked beef sausage without foreseeable bacteriological risks.
Salting and refrigeration are the deciding processing steps to minimize growth of aerobic
bacteria, including Salmonella, however, are less effective on E. coli. Cooked pre-rigor
sausage can be refrigerated in vacuum packages for 30 d without significant microbial
growth. Above 30 d, although aerobic bacteria remained below spoilage level, lactic acid
bacteria in vacuum environment reached 3 to 4 log CFU/g from a non-detectable level on
d 0, resulting in pH decline and possible development of undesirable flavors such as
sourness. Organoleptic attributes of cooked sausage must be evaluated to ascertain the
end of shelf life.
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Figure 3.1

Aerobic plate count (mean ± SEM; log CFU/g) of raw beef mixtures
deboned pre- and post-rigor averaged across three processing steps (group
on the left) and of raw beef mixtures from three processing steps (group on
the right) averaged across deboning times.

Notes: Grinding - GB; salting - SB, and batter formulation – BB. Within each group,
means without common letters differ (P ≤ 0.05). Detection limit was 1 log CFU/g.
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Figure 3.2

Aerobic plate count (mean ± SEM; log CFU/g) of cooked and vacuumpackaged beef sausage from pre- and post-rigor beef averaged across
storage time (group on the left) and stored for 0, 30, 60, 90, and 120 d at
4°C averaged across deboning times (group on the right).

Notes: Within each group, means without common letters differ (P ≤ 0.05). Detection
limit was 1 log CFU/g.
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Figure 3.3

Lactic acid bacteria count (mean ± SEM; log CFU/g) of cooked and
vacuum-packaged beef sausage from pre- and post-rigor beef averaged
across storage time (group on the left) and stored for 0, 30, 60, 90, and 120
d at 4°C averaged across deboning times (group on the right).

Notes: Within each group, means without common letters differ (P ≤ 0.05). Detection
limit was 1 log CFU/g.
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Figure 3.4

Salmonella count (mean ± SEM; log CFU/g) of pre- and post-rigor beef
(group on the left; averaged across mixtures and storage time), from three
processing steps (group in the middle; averaged across deboning time and
storage time), and on each storage time point (group on the right; averaged
across deboning time and processing steps).

Notes: Grinding - GB; salting - SB, and batter formulation – BB. Within each group,
means without common letters differ (P ≤ 0.05). Detectable limit is 2 log CFU/g.
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Figure 3.5

E. coli count (mean ± SEM; log CFU/g) of raw beef mixtures from three
processing steps stored for 0, 3, 7, and 10 d at 4°C, averaged across
deboning times.

Notes: Grinding - GB; salting - SB, and batter formulation – BB. A 2-way processing
step × storage time interaction was significant (P = 0.022).
a,b
Within a storage time, means without common letters differ (P ≤ 0.05).
Detectable limit was 2 log CFU/g.
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CHAPTER IV
TECHNOLOGICAL CHARACTERISTICS OF PRE- AND POST-RIGOR DEBONED
BEEF MIXTURES FROM HOLSTEIN STEERS AND QUALITY ATTRIBUTES OF
COOKED BEEF SAUSAGE
{Sukumaran, A. T., Holtcamp, A. J., Campbell, Y. L., Burnett, D., Schilling, M.
W., & Dinh, T. T. (2018). Technological characteristics of pre-and post-rigor deboned
beef mixtures from Holstein steers and quality attributes of cooked beef sausage. Meat
Science.}
Abstract
The objective of this study was to determine the effects of deboning time (preand post-rigor), processing steps (grinding - GB; salting - SB; batter formulation - BB),
and storage time on the quality of raw beef mixtures and vacuum-packaged cooked
sausage, produced using a commercial formulation with 0.25% phosphate. The pH was
greater in pre-rigor GB and SB than in post-rigor GB and SB (P < 0.001). However,
deboning time had no effect on metmyoglobin reducing activity, cooking loss, and color
of raw beef mixtures. Protein solubility of pre-rigor beef mixtures (124.26 mg/kg) was
greater than that of post-rigor beef (113.93 mg/kg; P = 0.071). TBARS were increased in
BB but decreased during vacuum storage of cooked sausage (P ≤ 0.018). Except for
chewiness and saltiness being 52.9 N-mm and 0.3 points greater in post-rigor sausage (P
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= 0.040 and 0.054, respectively), texture profile analysis and trained panelists detected no
difference in texture between pre- and post-rigor sausage.
Introduction
Pre-rigor processing is advantageous in meat processing because it leads to less
chill loss (about 1.5% less), drip loss (up to 0.6 % less), cooler space (up to 55 % less),
electricity (up to 50% less), and capital investment. It also allows for quicker turnover of
meat, greater product yield, increased labor savings (20% more), and less transportation
cost (Claussen, McElroy, Wilson, Boetel, Chu, & Hollenbeck, 2017). Bowater (2001)
estimated that pre-rigor deboning would increase yield by 4% in a beef plant that
processes 500 cattle per day for 250 days annually, which in turn would save $3.3
million. Furthermore, pre-rigor processing requires less effort and decreases the number
of strain-induced injuries in workers (Adam, 2012; Fung, Kastner, Hunt, Dikeman, &
Kropf, 1980; Herbert & Smith, 1980; Van Laack & Smulders, 1989). Although pre-rigor
deboning is commonly used in other countries such as Australia and New Zealand, it is
less common in the U.S. beef industry because of concerns about training costs, hygiene
standards, and the potential for increased toughness due to cold shortening (Keenan,
Hayes, Kenny, and Kerry, 2016). Another hurdle to the use of pre-rigor beef is a greater
risk of E. coli and the required testing of this pathogen in all beef carcasses (Sukumaran,
Holtcamp, McCain, Campbell, Kim, Schilling, & Dinh, 2018; USDA/FSIS, 2018).
Advantages of using pre-rigor meat when making comminuted meat products are
a result of greater pH, water-holding capacity (WHC), residual ATP level, protein
solubility, and emulsifying capacity (Cheng & Sun, 2008; Claus & Sorheim, 2006;
Claussen et al., 2017). Greater WHC leads to decreased cooking loss, an important
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quality attribute of raw meat used for processed meat products because it impacts yield
and profitability and is vital for texture of finished products (Toscas, Shaw, & Beilken,
1999; Van Oeckel, Warnants, & Boucque, 1999; Cheng & Sun, 2008). For example, prerigor pork patties had greater protein functionality and retained more fat during cooking
because it had greater amount of disassociated actin and myosin than post-rigor patties
(Claussen et al., 2017). Similarly, pre-rigor deboned turkey sausage batter had 5% less
cooking loss than post-rigor batter (Medellin-Lopez, Sansawat, Strasburg, Marks, &
Kang, 2014), which led to greater hardness, gumminess, and chewiness (Lee, Erasmus,
Swanson, Hong, & Kang, 2016)
Even though the economic and technological benefits of pre-rigor deboning are
well-documented in comminuted pork and poultry products, data are lacking for pre-rigor
beef products. Sorheim, Uglem, Lea, Claus, & Egelandsdal (2006) indicated that prerigor beef patties had greater pH, less cooking loss, and firmer texture than patties made
from post-rigor beef. However, it is important to ascertain the impacts of using pre-rigor
beef on quality attributes of premium cooked beef sausage. In sausage production,
grinding, salting, and batter formulation are important processing steps because they
significantly change physical (particle size), chemical (pH, composition, ingredient
functionality, etc.), and sensory characteristics (flavor and texture) of raw meat and
cooked sausage (Noor, Radhakrishnan, & Hussain, 2016). Hence, the objective of the
current study was to determine the effects of deboning time (pre- and post-rigor), three
processing steps (grinding, salting, and batter formulation), and storage time on
technological characteristics of beef mixtures and quality attributes of cooked beef
sausage. Beef trimmings were collected from culled Holstein steers.
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Materials and Methods
Experimental design
Experimental design and sausage production were detailed by Sukumaran et al.
(2018). Briefly, beef trimmings were collected from five 24-month old Holstein steers
slaughtered at the federally inspected Mississippi Meat Science and Muscle Biology
Laboratory. The left beef sides were designated for pre-rigor treatment; whereas the right
sides were used for post-rigor treatment. Lean trimming was collected from the chuck
primals; whereas fat trimming was collected from the briskets, chucks, rounds, and plates
on the same sides. Lean and fat trimmings were separated but processed similarly
according to the designated treatments. For the pre-rigor treatment, the primals were
deboned immediately after slaughter, ground to a particle size of 1.27 cm (ground beef –
pre-rigor GB), salted (salted beef – pre-rigor SB; 1.5 % sodium chloride, w/w) using a
paddle mixer, and chilled to 2 °C by mixing with powdered dry ice (15 % w/w; Sorheim
et al., 2006). The pre-rigor SB was stored at 2 °C in plastic lugs and was processed to
sausage batter (pre-rigor BB) on d 6 post-mortem, to be consistent with commercial
processing. For post-rigor treatment, beef sides were hung in a 2 °C cooler and deboned
on d 4 post-mortem. Post-rigor trimmings were not ground on d 4 but cubed and stored in
plastic lugs and then processed to sausage batter on d 6 post-mortem. On the day of
sausage production (d 6 post-mortem), post-rigor trimmings were ground to 1.27-cm
particle size (post-rigor GB) and salted with 1.5% sodium chloride (w/w) for the purpose
of sampling post-rigor SB before being processed into post-rigor BB. Salted ground beef
(approximately 22.7 kg of lean and 9.1 kg of fat trimming), both pre- and post-rigor, was
processed into sausage batter by grinding the lean and fat trimming separately through a
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0.16-cm plate and mixing them with ingredients (beef bratwurst spice mix, water/ice
slurry, corn syrup, erythorbate, nitrite, salt, and 0.25% w/w sodium tripolyphosphate). Fat
and lean were then blended together in a paddle mixer and ground again through a 0.16cm plate. No antimicrobial was used in batter formulation. The sausage batter was stuffed
into 32-mm synthetic collagen casings and portioned into 15.2-cm links. Equipment used
for sausage production and cooking was cleaned with hot water and soap thoroughly
between batches of sausage. Sausage was cooked by a generic smoked sausage cycle,
including pre-drying, smoking, steaming, and cold shower, to a core temperature of 74
°C. Cooked sausages were chilled for 24 h and five sausage links were packaged in a
vacuum bag (B2620 barrier bags; Cryovac, Sealed Air Corporation, Duncan, SC; OTC of
3 to 6 mL per m2 per 24 h at 4 °C and 0% RH and MVTR of 0.5 to 7.75×10-4 to 9.3×10-4
g per cm2 per 24 h at 37.8 °C and 100% RH). Vacuum-packaged sausage was stored 2 °C
for 0, 30, 60, 90, and 120 d. The storage times mimicked typical commercial storage,
transportation, and end of sale in retail establishments.
Sample collection
Samples (200 g) were collected in triplicate during grinding, salting, and batter
formulation for proximate analysis and color measurement. In addition, 100-g samples
were collected from each of these processing steps and from cooked sausage on d 0, 30,
60, 90, and 120 of vacuum storage (casings removed), for subsequent chemical analysis.
These samples were frozen in liquid nitrogen, pulverized to a fine powder, and stored at 80 °C until chemical analyses. Cooked sausage links were also collected on d 0, 30, 60,
90, and 120, vacuum-packed, and stored at -20 °C for texture analysis and descriptive
sensory evaluation. The sausages for sensory analysis were stored in freezer until all the
70

samples throughout the vacuum storage (120 d) were collected and the panelists were
trained. This was due to logistical limitation of conducting a sensory panel on the same
day with other sampling purposes. Even though freezing and subsequent thawing might
affect the sensory attributes of cooked sausages, we assumed that these effects would be
uniform across all the treatments.
Sample analysis
pH
These data were recorded and published by Sukumaran et al. (2018). However,
because pH was relevant to the discussion of technological quality of raw meat and
quality attributes of cooked sausage, it will be discussed again here. The pH of GB, SB,
and BB was recorded in triplicate by inserting a portable digital FC 2320 digital probe
with temperature compensation (Hanna Instruments United States, Inc., Woonsocket, RI)
directly into the samples. For cooked sausage, 1 g of pulverized sample was mixed with
10 mL of deionized water and pH was recorded by a temperature-compensation probe
(Accumet 13-620-631, Fisher Scientific, Waltham, MA). Both pH meters were calibrated
with pH 4, 7, and 10 buffers.
Proximate analysis
Moisture, fat, protein, and collagen composition of GB and BB was quantified
using a near-infrared spectrometer (AOAC International, 2018; FoodScan Lab Analyzer
model 78810, FOSS Analytical A/S, Slangerupgade, Denmark). Samples were finely
chopped (Oster® 3-Cup Mini Food Chopper, Rye, NY), and placed in a 140-mm plate
for NIR analysis.
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Cooking loss
Sausage links were weighed before (raw weight) and after cooking (cooked
weight), and cooking loss (%) was calculated as the ratio of the difference between raw
weight and cooked weight to raw weight, multiplied by 100.
Lean color and percentage of myoglobin forms
Lean color and myoglobin percentages were measured by reflectance
spectroscopy (MiniScan EZ 4500L, Hunter Associates Laboratory, Inc., Reston, VA)
with illuminant A, a 10° observer angle, and 2.5-cm aperture size. In addition to L*, a*,
and b* values, reflectance spectra of 400 to 700 nm by a 10-nm interval were also
recorded to calculate percentages of deoxymyoglobin (DMb), oxymyoglobin (OMb), and
metmyoglobin (MMb) as described in the AMSA Meat Color Measurement Guidelines
(AMSA, 2012).
Protein solubility
Protein solubility of GB, SB, and BB was determined by extracting the soluble
proteins in distilled water and quantification using the Bradford protein assay (Joo,
Kauffman, Kim, & Park, 1999). Distilled water was used instead of phosphate buffer to
prevent the buffer from confounding with the effects of each processing step on the
physical and chemical characteristics of raw beef mixtures. For example, BB had 0.25%
phosphate, whereas GB and SB did not. Preliminary trials were conducted to select the
suitable medium. A 0.5-g sample was mixed with 10 mL of distilled water, vortexed
vigorously for 5 min, centrifuged at 12000 × g for 20 min, and the supernatant was used
for quantifying proteins. For the protein assay, 10 µL of supernatant was mixed with 300
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µL of Coomassie blue reagent (Thermo Scientific™ 23236, Waltham, MA) in a 96-well
plate, incubated for 10 min at room temperature, and the absorbance was measured using
a spectrophotometer (Spectral Max Plus 384, Molecular Devices, LLC, Sunnyvale, CA)
at 595 nm. Proteins were quantified by comparing the absorbance to an external
calibration curve of bovine serum albumin (Thermo Scientific™ 23209, Waltham, MA)
and expressed as mg of soluble protein per kg of total protein in samples (mg/kg). Total
protein content was determined by proximate analysis.
Metmyoglobin reducing activity (MRA).
Metmyoglobin reductase in 1-g sample was extracted in 4 mL of 0.2-mM sodium
phosphate buffer (pH 5.6). The meat extract was centrifuged at 4 °C for 10 min at 3,000
× g. The supernatant was filtered through a 0.45-µm membrane and centrifuged at 18,300
× g for 30 min at 4 °C. The reductase solution was reacted with horse skeletal MMb in
presence of NADH (AMSA, 2012). Deoxymyoglobin formed by the reduction of MMb
was measured at 580 nm (Spectramax Plus 384; Molecular Devices, Sunnyvale, CA). A
60-s linear portion of the kinetic curve was used to calculate reducing activity.
Metmyoglobin reducing activity was reported as micromoles of MMb reduced in 1 min
by 1 g of sample (µM/ min/g).
Thiobarbituric acid reactive substances (TBARS).
Thiobarbituric acid reactive substances were measured on GB, SB, BB, and
cooked sausage as concentration of malondialdehyde (MDA), using a procedure
described by Draper, Squires, Mahmoodi, Wu, Agarwal, & Hadley (1993) with
modifications. A 1-g sample was weighed in polypropylene tubes and 5 mL of 10%
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trichloroacetic acid (TCA), 0.1 mL of 25,000 ppm butylated hydroxytoluene (BHT), and
0.1 ml of 0.5 % (w/v) sulfanilamide (to neutralize the interference of nitrite in meat;
Juncher, Vestergaard, Søltoft-Jensen, Weber, Bertelsen, & Skibsted, 2000) were added.
Tubes were incubated at 90 °C in water bath for 30 min, cooled to room temperature, and
centrifuged at 3000 × g for 10 min at 4 °C. Subsequently, 0.3 mL of the sample extract or
standard solution was reacted with 0.6 mL of 0.02 M thiobarbituric acid (TBA) in screwcap centrifuge tubes. The reaction tubes were incubated at 90 °C in water-bath for 30
min, cooled to 20oC, and centrifuged at 10,000 × g (20oC) for 10 min, and 300 µL of
supernatant was pipetted into a 96-well plate. Absorbance was measured at 532 nm in a
Spectral Max Plus 384 spectrophotometer (Molecular Devices, LLC, Sunnyvale, CA).
Thiobarbituric acid reactive substances were reported as mg of MDA per kg of meat
(mg/kg).
Instrumental texture profile analysis.
Texture analysis of cooked sausage was conducted only on d-30 sausage links
because in commercial production, it is an average duration for cooked sausage to be
packaged, chilled, transported, displayed on retail, and purchased for consumption.
Moreover, it was assumed that the texture of sausage is primarily influenced by rigor
treatment rather than storage. Sausage links were cored along the axis to obtain uniform
cylindrical cores (25.4-mm OD × 19-mm height). Cored samples were analyzed for
hardness, springiness, cohesiveness, and chewiness using a Universal Testing System®
(INSTRON™, Norwood, Massachusetts; Bourne, 1978). Compression rate was 50% for
springiness, cohesiveness, and chewiness and 75% for hardness and compression speed
was 100 mm/min. Hardness was determined as peak force (N) during the first
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compression cycle. Springiness was determined as the height (mm) that the sausage core
recovered between the end of the first compression and the beginning of the second
compression. Cohesiveness (unitless) was the ratio of the positive force area during the
second compression to that during the first compression. Chewiness (N mm) was
calculated as hardness × springiness × cohesiveness.
Descriptive sensory evaluation.
This experiment was conducted under the approval of the Institutional Review
Board for the Protection of Human Subjects in Research (IRB) at Mississippi State
University (IRB # 15-376). Descriptive panels were used to evaluate sensory attributes of
cooked beef sausage stored at 4 °C for 30, 60, 90 and 120 d in vacuum packages. Eight
panelists with previous experience in the sensory evaluation of processed meats were
selected and trained for a total of 15 h to recognize and quantify beef sausage descriptors
using processes described by Civille and Carr (2015). Descriptors were categorized in
four groups: aroma, flavor, basic tastes, and texture, with intensity ranging from 0 to 15
in a continuous line scale with 0 being non-existent and 15 being extremely high. Most
descriptors were described by Adhikari et al. (2011); however, because these descriptors
were developed for whole muscle beef cuts, reference materials were used differently to
accommodate comminuted beef products, especially those formulated with non-meat
ingredients. Aroma was evaluated by inhaling volatiles in the headspace of the sample
cup to determine overall intensity (aroma intensity, combination of both desirable and
undesirable aromas), cooked beef aroma intensity (beef aroma), and off-odor (undesirable
aromas). D-0 sausage, commercial all-beef sausages, and ground beef products were used
as anchors with 80/20 ground beef having aroma intensity and beef aroma intensity of 12
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and commercial products having aroma intensity of 10 to 11. Off-odor was anchored by
bratwurst sausage undergoing temperature abuse and various storage durations, with d-90
sausage and abused sausage receiving off-odor intensity of 1 to 2 and 3 to 4, respectively.
Flavor was determined by chewing sausage samples by a constant number of times to
determine overall intensity (flavor intensity), intensity associated with cooked beef (beef
complex or beefy), intensity associated with cooked beef fat (fatty flavor), and intensity
associated with cooked beef lean (lean flavor). Similar reference materials were used,
among which commercial sausages receiving 7 to 10 in beef complex, beef fat, and beef
lean flavors; whereas cooked 80/20 ground beef received a beef complex and beef fat
flavors of 12. Off-flavor was similarly determined by d-90 (1 to 2) and abused sausages
(3 to 4). Aroma and flavor intensity score of 15 was discussed and agreed among the
experienced panelists to be USDA Prime beef strip steaks; however, this reference
material was not used during training because the panelists also agreed that all-beef
sausages would never reach such an intensity. Sweetness, saltiness, umami, and sourness
were anchored by similar references reported by Adhikari et al. (2011). Texture attributes
including hardness (force required for the first bite), juiciness (impression of lubricated
food during chewing), chewiness (chew count and break-down rate of sausage, indicative
of labored mastication due to sustained, elastic resistance), springiness (recovery of
height between the end of the first bite and the start of the second bite), and cohesiveness
(degree of being deformed before being broken) were determined using several
references such as water melon (15 in juiciness, 1 in most texture attributes, except for
cohesiveness), commercial frankfurters (3 to 4 in hardness and chewiness), and
commercial all-beef sausages (7 to 8 in springiness and cohesiveness). A maximum of 15
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in springiness and cohesiveness in some commercial surimi products were discussed,
however, was not used in training because the panelists agreed that all-beef sausages
would not reach such an intensity. Sausage links were heated in a shallow pan with a
0.64-cm water layer to an internal temperature of 74 °C and then cut perpendicular to the
axis into to 2.54-cm samples. The samples were served warm in 3-digit coded serving
cups. Each panelist was served with both pre- and post-rigor sausage from the same steer
and storage day during each tasting session.
Statistical analysis
Data were analyzed as a split-plot design nested in a randomized complete block
design with animal serving as the random block. For pH, objective color, protein
solubility, MRA, TBARS, and proximate analysis data, deboning time (pre-and postrigor) and processing step (GB, SB, and BB) served as the main factor and split factor,
respectively. For cooked sausage, deboning time and storage time served as the main
factor and split factor, respectively. A generalized linear mixed model was used with
factors and their interaction serving as fixed effects and animal serving as a random block
effect. Analysis of variances was performed in the GLIMMIX procedure of SAS 9.4
(SAS Institute Inc., Cary, NC). Means, if different, were separated by a protected t-test in
the LSMEANS option of the GLIMMIX procedure. Actual probability values for
statistical significance was reported.
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Results and Discussion
Proximate analysis
Fat content was affected by both deboning time (P = 0.027) and processing step
(P = 0.004; Table 4.1); whereas protein (P < 0.001) and moisture (P = 0.017) contents
were only affected by processing step. The post-rigor beef had a greater fat percentage
than pre-rigor beef in both GB (12.38 and 11.74%, respectively) and BB (16.38 and
14.38 %, respectively; P = 0.014). Among processing steps, BB (15.53%) had more fat
percentage than GB (12.06%; P = 0.004). In addition, protein and moisture contents were
greater in GB (18.58 and 67.26%, respectively) than in BB (12.04 and 65.23%,
respectively; P < 0.001 and P = 0.017, respectively). A deboning time × processing step
interaction was present in the case of collagen percentage (P = 0.002). There was no
difference (P = 0.468) in collagen content between pre-rigor GB (2.44 %) and BB (2.52
%); whereas collagen content of post-rigor BB (3.02 %) was greater (P < 0.001) than that
of GB (2.24) in post-rigor beef. Moreover, post-rigor BB had greater (P < 0.001)
collagen content than that of pre-rigor BB; whereas no difference in collagen content
existed between post-rigor and pre-rigor GB (P = 0.168).

The fat content of sausage in the current study was less than the typical fat level
of 25 to 28 % (Choi, Choi, Han, Kim, Lee, Jeong, Chung, & Kim, 2010) because only the
fat trimming from the same carcass side was used for making sausage batter. A 1.7%
greater fat content in post-rigor BB in comparison to pre-rigor BB might be caused by
processing variability and moisture loss in post-rigor beef sides. Although trimming,
mixing, and grinding were carefully controlled to minimize variability, initial fat content
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was greater in post-rigor GB because post-rigor carcasses could lose up to 2% of carcass
weight in the cooler (Kinsella et al., 2006). However, this variation was negligible and
within allowable variability. All the sausage batches prepared in the current study had a
fat percentage well below the maximum allowed level of 30 % for cooked beef sausage
(CFR, 2012). Pietrasik and Duda (2000) previously reported that a variation in fat content
up to 10 % was not enough to change sensory and textural attributes of sausage
significantly. Greater fat content in BB than in GB was expected because fat trimming
was added during batter formulation. In addition, protein was diluted with addition of fat
and water (ice slurry), which explained why protein in BB was less than that in GB. The
reduction in moisture content might be caused by the dilution effect due to greater fat
percentage. This might be due to the addition of fat and other non-meat ingredients such
as phosphate and corn syrup during sausage emulsion making. Collagen content in postrigor BB was greater than that in pre-rigor BB because post-rigor fat trimming had more
collagen than pre-rigor fat trimming (3.53% vs 2.56%; P < 0.001). It is typically easier to
separate connective tissues during deboning in pre-rigor meat because the connective
tissues still maintain their elasticity. Connective tissues in post-rigor meat are drier and
stiffer due to the strain that is induced by hanging the carcasses, which makes them more
difficult to be separated during post-rigor deboning (Purslow, 1989). Greater collagen
content might decrease bind value and increase chewiness of sausage (Sousa et al., 2017).
pH, cooking loss, and protein solubility.
As discussed by Sukumaran et al. (2018), the pH of GB, SB, and BB was greater
in pre-rigor beef (6.78, 6.07, and 6.01, respectively) than in post-rigor beef (5.84, 5.56,
and 5.76, respectively; P ≤ 0.036). The pH of pre-rigor GB was greater than both pre79

rigor SB and BB (P < 0.001); whereas pH of post-rigor SB was intermediate to post-rigor
GB and BB (P = 0.094). After cooking, pH of pre- and post-rigor cooked sausage was
6.2 and 6.0, respectively, which did not differ (P = 0.285). During storage, pH of cooked
sausage was gradually decreased to 5.19 on d 120. However, no treatment difference was
found (P = 0.662). Cooking loss was not affected by deboning time, with an average of
13.8 and 11.6 % for pre- and post-rigor sausages, respectively (P = 0.351). On average,
pre-rigor beef had greater protein solubility (124.26 mg/kg) than post -rigor raw beef
(113.93 mg/kg; P = 0.068; Table 4.1). Such a difference was a direct result of salting, in
which pre-rigor SB had 25.84 mg/kg more soluble protein than post-rigor SB (P = 0.042;
Table 1). However, soluble proteins in pre- and post-rigor BB did not differ (P = 0.800).
Processing step had great impacts on protein solubility (P < 0.001). Within both pre- or
post-rigor treatments, GB and SB has similar protein solubility (94 to 120 mg/kg), which
was 25 to 48 mg/kg less than that in BB (P ≤ 0.023; Table 4.1).
Previous studies have reported that pre-rigor meat has a greater pH than post-rigor
meat (Laury & Sebranek, 2007; Lin, Topel, & Walker, 1979). Laury and Sebranek (2007)
reported that the pH of raw pre-rigor pork sausage was 6.2, in comparison to 5.6 for postrigor sausage. pH decline is a normal change in the physiological conditions of muscle
post-mortem, that is caused by the accumulation of lactic acid through anaerobic
metabolism and the production of hydronium ions through the hydrolysis of ATP during
muscle contraction (Matarneh, England, Scheffler, & Gerrard, 2017). Pre-rigor muscle
only slightly goes through these processes, and therefore retains a pH that is close to the
normal physiological pH of 7.0 (England, Scheffler, Kasten, Matarneh, & Gerrard, 2013).
Moreover, salting immediately after pre-rigor deboning suppresses glycolysis and muscle
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contraction (Hamm, 1977), which further minimizes pH decline in pre-rigor meat.
However, the pH of pre-rigor SB was still 0.7 units lower than that of GB, indicating an
incomplete suppression of muscle metabolism and contraction. Claus & Sorheim (2006)
reported that 1.7% salt could not completely suppress glycolysis in pre-rigor ground beef,
even if the meat is chilled to 2 °C immediately. Therefore, the 1.5% salt concentration
commonly used to produce pre-rigor pork (Claussen et al., 2017) and in the current study
might not be sufficient to prevent the initial pH from declining. Various studies indicates
that beef has slower rate of post-mortem changes such as proteolysis (Koohmaraie,
Whipple, Kretchmar, Crouse, & Mersmann, 1991) and glycolysis (Sørheim, & Hildrum,
2002); however, these changes last longer in beef. However, greater salt concentration
may be detrimental to quality of sausages by limiting the ability of meat proteins to bind
water and encapsulate fat, resulting in unstable emulsion during batter formulation
(Crehan, Troy, & Buckley, 2000). Continuous pH decline of pre-rigor beef in the current
study might indicated that pre-rigor characteristics might be diminished by the time prerigor sausage was produced; however, this hypothesis could not be tested because prerigor SB was only sampled at deboning time, but not on the day of sausage production. In
addition to gradual pH decline, the addition of phosphate in the commercial sausage
formulation used in the current study resulted in only 0.2-unit difference in pH between
pre- and post-rigor BB, which explained similar cooking loss between pre-and post-rigor
sausages. Greater pH usually decreases cooking loss since it enhances the WHC of raw
meat by increasing the negative net charge of proteins. In contrast to the current study,
Claus & Sorheim (2006) and Berry et al. (1999) reported that cooking loss was 10 % less
for ground beef patties that was produced from pre-rigor beef when compared to post81

rigor beef. However, no ingredient other than salt was added to these patties. In the
current study, various ingredients, including water in ice slurry form and phosphate (0.25
%), were added during sausage batter formulation.
Although pre-rigor SB had greater protein solubility than post-rigor SB, this
difference was not transferred to batter formulation, indicating the influence of batter
processing, in which more water, salt, and phosphate were added and proteins were
extracted. The buffering effect of phosphate in both pre- and post-rigor batter was the
most obvious influence. The authors of the current study conducted a preliminary trial to
select appropriate medium to extract protein (data not shown) and when phosphate buffer
was used, proteins in pre- and post-rigor GB, SB, and BB samples had the same
extractability. The findings of protein solubility in pre- and post-rigor BB was similar to
those of cooking loss discussed previously. Similar to the current study, Keenan et al.
(2016) reported that pre- and post-rigor beef had similar cooking loss and final yield.
These authors suggested that maintaining pre-rigor pH and functionality is difficult in
processed meats as compared to minimal processed meat. Farouk & Swan (1997)
reported that beef entering rigor mortis at a greater temperature had a lower total protein
solubility than beef entering rigor mortis at a lower temperature. In the present study, prerigor beef was chilled immediately after deboning to 2 °C using dry ice as recommended
by Sorheim et al. (2006); whereas post-rigor beef entered rigor mortis with greater
internal temperature, which may contribute to less protein solubility in post-rigor beef.
Greater pH away from the isoelectric point of meat proteins, as discussed previously, also
enhanced solubility of proteins in pre-rigor beef, especially in SB (Claus & Sorheim,
2006; Hamm, & Deatherage, 1960).
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Furthermore, the addition of salt, in addition to maintaining greater pH in prerigor meats, helps extract proteins. An increase in protein solubility from GB to SB
clearly indicated that salting is necessary to enhance meat protein functionality.
Moreover, it was suggested that even though protein solubility was not different between
pre- and post-rigor GB, the potential for greater extraction existed because of greater pH,
but was not revealed until salt was added. Salt is well recognized to cause partial
extraction of myofibrillar proteins (Claus & Sorheim, 2006; Small, Claus, Wang, &
Marriot, 1995). Previous discussion on pH of pre-rigor SB and BB provided evidence
that pre-rigor beef might retain only minimal advantages on the day of sausage
production. Therefore, this finding is important for future pre-rigor beef sausage
production, considering the current trend of salt reduction in processed meat and the
logistic difficulties of maintaining pre-rigor state of beef.
Meat color, myoglobin forms, and MRA.
Meat color was not affected by deboning time (P ≥ 0.422; Table 4.1). However,
L* value was greater for BB (52.66; P = 0.010) than for GB (47.60); whereas a* value
was greater for GB (27.83; P < 0.001) than BB (15.27). Pre-rigor beef had less MMb
than post-rigor beef (38.32 vs. 40.02%; P = 0.021). In raw beef mixtures collected during
processing steps, percentages of DMb and OMb were greater in GB (8.18 and 60.60 %,
respectively) than in BB (1.54 and 55.84 %, respectively; P < 0.011); whereas the
percentage of MMb was greater in BB (47.12 %) than that in GB (31.23 %; P < 0.001).
Metmyoglobin reductase activity was affected by neither deboning time (P = 0.988) nor
processing step (P = 0.521; Table 1).
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In contrast to our results, Mendenhall (1989) reported that ground beef with
greater pH produced redder patties which was due to the increased water holding capacity
of meat proteins at greater pH. The greater pH caused less moisture on the meat surface
which produced a greater concentration of oxymyoglobin on the surface (Page, Wulf, &
Schwotzer, 2001). Greater lightness values were expected in BB due to the addition of
ingredients, especially water, which diluted the myoglobin concentration in ground meat
during batter formulation. In addition to this dilution effect, the reduction in redness from
GB to BB could be caused by both a decrease in OMb and DMb and an increase in MMb.
Batter color was measured immediately after formulation, and Myoglobin in Fe++ state
(DMb and OMb) could be oxidized very quickly to form MMb under the effects of salt,
since it is a pro-oxidant, and added nitrite (Honikel, 2008). Moreover, curing salt
sequesters oxygen by forming nitric oxide, which might lead to low oxygen conditions
that favor myoglobin oxidation (Honikel, 2008). An increase in redness was observed
after 24-h chilling and right before cooking, but the redness was still less than the lean
trimming simply because due to a dilution effect (data not shown). There was no
difference in MRA between GB and BB in the current study, which indicates that the
changes in color and myoglobin form were caused by the curing reaction and the dilution
of myoglobin with non-meat ingredients.
Thiobarbituric acid reactive substances (TBARS).
Deboning time did not impact the TBARS values of fat trimmings, GB, and SB (P
≥ 0.145; Figure 4.1). However, pre-rigor BB had greater TBARS than post-rigor BB
(1.81 vs. 1.47 mg/kg, respectively; P = 0.003). Among processing steps, TBARS in GB
and SB were not different (0.80 and 0.84 mg/kg; P = 0.286); however, greater lipid
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oxidation was observed in BB (TBARS of 1.64 mg/kg; P < 0.001) when compared to GB
and SB. In cooked sausage, TBARS was affected by storage time (P = 0.018) but not by
deboning time (P = 0.268). TBARS values were similar on days 0, 30, 60, and 90 (1.8,
1.7, 1.9, and 1.6 mg/kg, respectively) of vacuum storage, but then decreased by d 120 of
storage (1.26 mg/kg; P ≤ 0.036). Subsequent analysis on d 60 indicated that TBARS in
pre-rigor sausage was greater than that in post-rigor sausage (2.15 mg/kg vs 1.60 mg/kg;
P = 0.053)
Results indicated that batter formulation accelerated oxidation because of salt
addition and especially mixing, which increased heat and oxygen concentration in the
batter. Salt is a pro-oxidant (Mariutti, & Bragagnolo, 2017; O'Neill, Galvin, Morrissey, &
Buckley, 1999). Jin, Zhang, Yu, Lei, & Wang (2011) reported that salt at concentrations
below 3.0 % increased activity of lipoxygenase enzyme activity, which contributed to the
development of rancidity. This might explain why pre-rigor BB had greater TBARS than
post-rigor BB because pre-rigor trimming was salted 5 d prior to post-rigor trimming.
Early exposure to salt might have accelerated oxidation due to the earlier formation of
reactive oxygen species and free radicals. In addition, cooking increases lipid oxidation
because heating accelerates the formation of free radicals (Sheehy, Morrissey, & Flynn,
1993). Vacuum storage at 2 °C was effective at controlling lipid oxidation in cooked
sausage. Although there was no difference in TBARS between pre- and post-rigor
sausage on d 0 and 30, TBARS of pre-rigor sausage peaked (2.15 mg/kg) on d 60 and
was greater than that of post-rigor sausage (1.60 mg/kg). A decrease in TBARS during
vacuum storage of sausage was likely caused by metabolism of aldehydes by spoilage
bacteria, which was also suggested by Lebepe, Molins, Charoen, and Skowronski (1991).
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Kameník, Saláková, Hulánková, and Borilova (2015) reported that there was no change
in TBARS in cooked sausage over 28-d of vacuum storage at 4 °C. Kerry, Buckey,
Morrisey, OŚullivan, & Lynch (1998) reported that TBARS of cooked pork held under
vacuum packaging for 8 weeks at 4 °C was 80 % less than those stored under aerobic
conditions for 8 d.
Instrumental texture profile analysis.
Instrumental texture profile analysis did not yield any difference in textural
properties between pre- and post-rigor sausages, with the exception of chewiness, which
was greater for post-rigor sausage (364 N-mm) than for pre-rigor sausage (311 N-mm; P
= 0.040; Table 4.2). Average hardness, springiness, and cohesiveness of the sausages
were 166 N, 7.9 mm, and 0.5, respectively. In contrast to the current study, Claus &
Sorheim (2006) found that pre-rigor ground beef patties had greater chewiness,
springiness, and cohesiveness than post-rigor patties. These authors attributed the better
textural properties of pre-rigor meat to the greater pH, protein solubility, and water
holding capacity. As discussed previously, there was no difference in protein solubility
between pre- and post-rigor BB, which explained why there was no difference in textural
properties in the current study. In addition, BB from both treatments had only 0.2-unit
difference in pH as reported previously. Pre-rigor beef in the current study was salted (1.5
%) immediately after deboning to retard glycolysis and pH decline. However, there was a
possibility that rigor might continue to develop in pre-rigor SB until the day of sausage
production. The greater chewiness in post-rigor sausage in the current study might be
caused by greater collagen content of post-rigor BB as observed in the proximate
analysis.
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Descriptive sensory analysis.
Among all the sensory attributes evaluated, saltiness was the only attribute that
was affected by deboning time. Saltiness was greater in post-rigor beef than pre-rigor
beef (3.7 and 3.4; P = 0.054; Table 4.3). Aroma intensity was 0.3 to 0.4 units greater on d
90 and 120 than on d 30 and 60 (P ≤ 0.061). Intensity of off-odor was more than doubled
on d 90 and 120 when compared with d 90 and 120 (P ≤ 0.019). Beef complex flavor
note was slightly less intense on d 120 than d 30 (P = 0.008). Sweetness was decreased
by approximately 50% by d 60, 90, and 120 compared with d 30 (P ≤ 0.012). Umami
flavor note decreased over storage time (P ≤ 0.013). Sourness was more than twice as
intense on d 90 and d 120 in comparison to d 30 (P ≤ 0.009). By d 90, vacuum-packaged
sausage decreased in juiciness and increased in chewiness from d 0 to d 90 of storage (P
≤ 0.044).
Results revealed that the use of pre-rigor deboning did not influence the sensory
attributes of cooked sausage when compared with post-rigor beef. Textural properties of
sausage are directly influenced by pH and protein solubility of meat (Toscas et al., 1999;
Van Oeckel et al., 1999; Cheng & Sun, 2008). However, in the current study, the
difference in pH of pre- and post-rigor BB was less minute and both BB mixtures has
similar protein solubility, as previously discussed. Farouk, Hall, & Swan (2000) also
reported that deboning time did not affect flavor and textural properties of ground beef
patties. However, these authors also indicated that the meat used in their study was stored
for 1 month before batter formulation and were already past the rigor state despite the
early deboning time. Similarly, in the current study, despite the greater initial pH of prerigor beef, there was a gradual decline of pH that resulted in similar pHs of BB in both
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pre- and post-rigor meat. Moreover, addition of 0.25 % phosphate into both BB mixtures
during batter formulation might also have contributed to the lack of differences between
pre-rigor and post-rigor treatments. On the contrary, Keenan and others (2016) reported
that pre-rigor deboning decreased hardness of beef bottom round by more than 10% and
made beef springier, gummier, less chewy and less cohesive than post-rigor meat.
However, only minimally processed, whole muscle beef was evaluated.
The increase in aroma intensity during storage was a direct result of a gradual
increase in off-odor, which was noticeable by d 60 and pronounced by d 90. The panelists
were trained to recognize flavor intensity as a combination of both desirable and
undesirable flavor notes. Increased intensity of off-odor and sourness during storage were
mostly caused by spoilage microflora, especially lactic acid bacteria as reported by
Sukumaran et al. (2018). Previous studies have shown that metabolism by spoilage
bacteria produces acetate, ethanol, d-lactic acid, putrescine, cadaverine etc., and are
perceived as off-odors in meat and meat products (Edwards, Dainty, & Hibbard, 1985; de
Pablo, Asensio, Sanz, Ordonez, 1989; Borch and Agerhem 1992). Although greater
chewiness was quantified by instrumental texture profile analysis, trained panelists could
not did not detect any difference in chewiness between pre- and post-rigor sausages. A
decrease in juiciness during prolonged storage of sausage was expected because
decreased pH might cause protein degradation which led to lower water holding capacity
and ultimately drier sausage.
Conclusion
The results of this study suggest that pre-rigor deboning of beef improves meat
protein functionality but not quality attributes of cooked sausage when 0.25 % phosphate
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was used for the formulation of sausage batter. Greater concentration of salt may be
required to retard the rate of glycolysis and to maintain pre-rigor pH and prevent further
rigor development in pre-rigor meat. Further studies are needed to compare pre- and postrigor meat without phosphate to formulate a cleaner label product and continue to
monitor rigor state of beef used for sausage production to determine the optimum salt
concentration and time of production. Early exposure of pre-rigor meat to salt accelerates
lipid oxidation; therefore, processors must use antioxidants to control oxidation in prerigor processed meat products. Moreover, vacuum-packaged cooked beef sausage can be
stored for 60 d without substantial development of off-odors.
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90

BB
14.68
12.20
65.82
2.52
145.5
2
6.50
52.05
15.93
21.00
1.79
51.52
46.69

Fat
GB
SB
BB
30.17 12.38
16.38
14.09 18.48
11.88
54.14 67.10
64.64
3.53 2.24
3.02
104.1
142.9
7
94.64
8
6.10 5.50 7.00
46.73
53.26
28.55
14.61
23.16
19.91
6.98
1.29
60.52
51.16
32.49
47.55

Post-rigor

2

Pooled Standard error
Statistical significance was determined at P ≤ 0.05 unless otherwise noted.
*DT: Deboning time
**PS: Processing step

1

Fat
GB
SB
28.44 11.74
15.01 18.68
54.42 67.42
2.56 2.44
106.7 120.4
8
8
7.10 5.80
48.48
27.11
20.24
9.37
60.67
29.96

Pre-rigor

1.73
0.98
1.76
1.21
1.40
3.15
2.50
0.99

1.09
0.30
0.98
0.10

SE

1

PS**

0.071 0.151
0.650 0.318
0.874 0.010
0.932 < 0.001
0.422 0.235
0.564 0.011
0.891 < 0.001
0.021 < 0.001

0.014 0.004
0.248 < 0.001
0.117 0.017
0.101 < 0.001

DT*

P value2

0.288
0.634
0.350
0.226
0.072
0.654
0.954
0.443

DT ×
PS
0.557
0.827
0.540
0.002

Proximate composition, protein solubility (mg soluble proteins/kg of meat), metmyoglobin reducing activity
(MRA; µM of MMb reduced per min per g of sample), surface lightness (L*), redness (a*), yellowness (b*),
and percentages of deoxymyoglobin (DMb), oxymyoglobin (OMb), and metmyoglobin (MMb) of raw beef
mixtures deboned pre-and post-rigor and processed through 3 steps (grinding - GB; salting - SB, and batter
formulation - BB).

Protein solubility (mg/kg)
MRA
L*
a*
b*
DMb
OMb
MMb

Fat (%)
Protein (%)
Moisture (%)
Collagen (%)

Measurement

Table 4.1
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Table 4.2

364.2 ± 14.25

0.4 ± 0.01

8.0 ± 0.11

164.6 ± 8.44

Post-rigor

14.25

0.01

0.11

8.44

SE1

0.040

0.135

0.096

0.769

P DT2

Pooled Standard error
Statistical significance was determined at P ≤ 0.05 unless otherwise noted.
Texture analysis was conducted using Instron™ (INSTRON™, Norwood, Massachusetts).
2

1

311.3 ± 14.25

0.5 ± 0.01

Cohesiveness
Chewiness (N-mm)

7.7 ± 0.11

168.2 ± 8.44

Hardness (N)
Springiness (mm)

Pre-rigor

Measurement

Hardness, springiness, cohesiveness, and chewiness measured by instrumental texture analysis of sausage
produced from pre-and post-rigor deboned beef and stored at 2 °C for 30 d in vacuum package.
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Pre-rigor
d 60 d 90
7.3
7.4
6.4
6.5
0.7
1.1
7.5
7.8
6.7
6.6
3.8
4.3
6.3
6.1
1.0
1.0
0.8
0.9
3.4
3.4
4.4
4.3
1.0
1.6
5.9
6.2
7.7
7.5
5.9
6.3
6.3
6.2
7.1
6.6

Post-rigor
d 60 d 90
7.0
7.5
6.6
6.5
0.4
1.1
7.7
7.7
6.7
6.5
4.1
3.9
6.3
6.2
1.2
0.8
0.6
1.4
3.5
3.9
4.7
4.0
0.8
1.8
6.3
6.5
7.6
7.0
6.1
6.5
6.4
6.5
6.6
6.8
0.310
0.208
0.353
0.245
0.160
0.248
0.182
0.208
0.350
0.257
0.230
0.397
0.335
0.298
0.335
0.379
0.281

SE1
DT*
0.410
0.993
0.574
0.884
0.834
0.889
0.956
0.335
0.380
0.054
0.513
0.978
0.767
0.984
0.918
0.855
0.407

P value2
ST**
DT × ST
0.031
0.150
0.891
0.762
0.002
0.823
0.278
0.831
0.013
0.572
0.131
0.154
0.648
0.971
0.005
0.248
< 0.001
0.391
0.656
0.721
< 0.001
0.126
< 0.001
0.765
0.163
0.176
0.004
0.090
0.001
0.169
0.954
0.403
0.668
0.497

Sensory attributes of cooked and vacuum-packaged beef sausage produced from pre-and post-rigor beef
and stored for 0, 30, 60, 90, and 120 d at 2 °C, as determined by an 8-member trained panel on a 0 to
15-point continuous scale (0=non-existent; 15= extremely intense).

d 30
d 120
d 30
d 120
Aroma intensity
7.4
7.6
7.0
7.7
Beef aroma
6.6
6.4
6.5
6.3
Off-odor
0.5
1.5
0.2
1.6
Flavor intensity
7.6
7.9
7.6
7.9
Beef complex
6.7
6.4
6.8
6.3
Fatty flavor
4.5
4.0
4.3
4.3
Lean flavor
6.3
6.1
6.2
6.2
Sweet
1.6
1.2
1.4
0.9
Off-flavor
0.5
2.0
0.6
2.5
Salty
3.5
3.4
3.7
3.9
Umami
4.8
4.0
4.8
3.7
Sour
0.8
2.5
0.6
2.7
Hardness
5.9
6.8
6.0
6.2
Juiciness
7.9
6.9
7.9
7.6
Chewiness
5.9
7.2
6.0
6.6
Springiness
6.4
6.7
6.4
6.2
Cohesiveness
6.9
7.1
7.0
6.9
1
Pooled Standard error
2
Statistical significance was determined at P ≤ 0.05 unless otherwise noted.
*DT: Deboning time
**ST: Storage time

Attribute

Table 4.3
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Notes: Grinding - GB; salting - SB, and batter formulation – BB. Within a processing step or storage time, means without a
common letter differ (P ≤ 0.05).

Figure 4.1 Thiobarbituric acid reactive substances (TBARS; mg of malondialdehyde/kg of sample) of fat and raw beef
mixtures (group on the left) produced from beef deboned pre- and post-rigor and processed through 3 steps
and cooked and vacuum-packaged beef sausage (group on the right) stored for 0, 30, 60, 90, and 120 d under
refrigeration (2 °C).
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CHAPTER V
CONSUMER ACCEPTABILITY AND DEMAND FOR COOKED BEEF SAUSAGE
FORMULATED WITH PRE- AND POST-RIGOR DEBONED BEEF
Abstract
The objective of this study was to compare consumer acceptability and demand
between pre- and post-rigor cooked beef sausage. Consumers (n = 100) evaluated the
appearance, aroma, flavor, texture, and overall acceptability on a 9-point hedonic scale
and formulated an independent bid for each product. Sensory results indicated that on
average, consumers preferred the aroma and flavor of pre-rigor sausage in comparison to
post-rigor sausage (P = 0.008 and 0.029, respectively). This resulted in greater overall
acceptability of pre-rigor sausage as compared to post-rigor sausage (P = 0.011).
Consumers were clustered into 5 groups based on acceptability ratings. Cluster 1 and 5
(40 consumers) did not differ in their liking of pre- and post-rigor treatments (P ≥ 0.091).
However, panelists in clusters 3 and 4 (45 consumers) rated the flavor, texture, and
overall acceptability of pre-rigor sausages when compared to post-rigor sausage (P ≤
0.020). Cluster 2 (15 consumers) preferred the post-rigor sausage over pre-rigor sausage
(P = 0.004), predominantly due to texture. Average predicted unit-demand for the
experiment was 0.7 lb greater for pre-rigor than post-rigor sausage (P ≤ 0.001). Overall,
the results indicated that pre-rigor processing yielded sausage with greater consumer
acceptability and demand.
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Introduction
Pre-rigor meat is deboned from the carcass early postmortem, when the muscles
are still physiologically active with substantially high pH and available ATP and has not
entered rigor mortis onset (Barbut, 2014; Claus et al., 1998; Claus et al., 1997). Pre-rigor
meat has technological advantages such as greater pH, water holding capacity, and
improved protein functionality (Claus and Sorheim, 2006; Sukumaran et al., 2018). These
technological parameters improve the sensory attributes of processed meat products such
as sausages. Sorheim et al. (2006) reported greater hardness, springiness, cohesiveness,
and chewiness of pre-rigor ground beef patties as compared to those of post-rigor ones.
Moreover, it is estimated that pre-rigor processing could reduce chill space requirements
up to 50 %, resulting in cumulative savings in refrigeration energy, capital costs and
quicker plant turnover (Pisula and Tyburcy, 1996; Kim et al., 2014).

While practiced in some countries, predominantly in Australia and New Zealand,
pre-rigor processing is not commonly used in some countries, including the United
States. This is due to concerns regarding training costs, hygiene and safety standards, and
increased risk of toughness due to the contraction of muscles when removed from the
bone (Pisula and Tyburcy, 1996; Keenan et al., 2016). Additionally, Crownover et al
(2017) reported that pre-rigor deboning decreased tenderness, juiciness, and overall liking
of the beef Longissimus lumborum (3 to 6 %) and Psoas Major (3 to 10 %) muscles.
Therefore, pre-rigor processing is not recommended for cube rolls or tenderloins due to
diminished eating quality. However, Crownover et al (2017) also reported that pre-rigor
deboning of the Semimembranosus increased tenderness (5 %), juiciness (4 %), and
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overall liking (5 %). These results suggest that hot boning of all subprimals from a beef
carcass may not result in a net improvement in eating experience from a carcass.
Alternatively, use of partial pre-rigor deboning systems (removal of selected subprimals
prior to rigor) such as removing the chuck pre-rigor, could create an opportunity for
processors to improve eating quality of those subprimals. However, mixed fabrication
techniques may present logistical challenges.
Assessments of product acceptability based on sensory panels is performed in
food-related marketing and consumer research. Information gathered through consumer
acceptability studies helps companies identify market opportunities, understand the
consumer perception and acceptability of their products, optimize product concepts, and
evaluate their product prototypes before launching the product into the market (Grunert et
al., 2011). Food companies continuously develop new products to meet changing needs
and preferences in their target markets and to safeguard growth and competitive
advantage in their marketing environment. As many new products fail in the market
place, the use of consumer insight is deemed crucial in the new food product
development process (Grunert et al., 2011). As such, it is also important to understand
consumer willingness-to-pay (WTP) for meat products. Willingness-to-pay is a
monetization of consumers’ preferences and is linked to purchase intent (Ajzen & Driver,
1992). WTP estimates provide insights into how consumers value the product and its
characteristics but can also be used to analyze product marketability (Van Loo et al.,
2011). Therefore, WTP provides more concrete insights into the likelihood of purchase at
a given price than ratings of liking (Lawless et al., 2015).
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For food companies, consumer demand is more readily estimated from observed
quantity sold due to price changes than identifying individual consumer WTP. To
construct a comparable analysis from experimental data from the observed individual
WTPs’ in a laboratory experiment for a single unit, an aggregate unit-demand curve can
be constructed (Lusk and Hudson, 2004). Unit-demand identifies the number of subjects
that would have purchased the product at a given price. This approach provides further
insights into the viability of product success and profits, relative to expected production
costs.
Several studies have been conducted on the consumer acceptability of sausages
produced from pre-rigor chicken and pork (Bradley et al., 2011; Peng et al., 2009;
Ogunbanwo et al., 2006; Puolanne and Terrell, 1983). However, no studies were found
regarding both consumer acceptability and demand of pre-rigor beef sausage. By
combining data collection from a sensory evaluation and experimental auction, the
objectives of the current study were to compare (1) the consumer acceptability of, and (2)
the overall demand for sausages produced from pre-and post-rigor beef.
Materials and Methods
Experimental Design
Product Development and Commercial Comparator
Sausage production procedures were detailed by Sukumaran et al. (2018). Beef
trimmings were collected from five 24-month old Holstein steers that were slaughtered at
the federally inspected Mississippi Meat Science and Muscle Biology Laboratory. The
left beef sides were designated for the pre-rigor deboning treatment; whereas the right
sides were used for the post-rigor treatment. Given the increased acceptability of the
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Semimembranosus found in Crownover et al (2017), another tough primal in beef carcass,
the chuck primal, was selected for this experiment. For the pre-rigor treatment, the chuck
was deboned immediately after slaughter (<2 h), ground, salted (1.5 % sodium chloride,
w/w), and chilled to 2 °C by mixing with powdered dry ice (15 % w/w; Sorheim et al.,
2006). The salted pre-rigor beef was stored at 2 °C and was processed to sausage on d 6
post-mortem. For the post-rigor treatment, beef sides were hung in a cooler (2 °C),
deboned on d 4 post-mortem, and then ground, salted, and processed to sausage on d 6
post-mortem. A proprietary formula that included beef sausage spice mix, a water/ice
slurry, corn syrup, erythorbate, nitrite, salt, and 0.25% w/w sodium tripolyphosphate. The
sausage batter was stuffed into 32-mm synthetic collagen casings and portioned into
15.2-cm links. Sausage was cooked using a smoked sausage cycle that included predrying, smoking, steaming to a core temperature of 74°C prior to a cold shower. Cooked
sausage was chilled for 24 h, vacuum-packaged and stored at 2 °C for 30 d. The storage
time simulated commercial processing, transportation, and retail distribution. After 30 d
of vacuum-packaged storage at 2 °C, the sausage links were removed and stored at -20
°C until sensory evaluation by consumers.
A commercial all-beef sausage was used as the basis of comparison for pre- and
post-rigor sausages. The commercial brand provided a reference point for the production
methods. Also, the commercial brand and its local market was used to make sure the
experimental results were anchored by the existing market (i.e. external validity check).
If the average subject WTP in the experiment matches that of the local market, it
indicates that the test subjects’ valuations were representative of the local market.
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Consumer sensory evaluation
This experiment was conducted under the approval of the Institutional Review
Board for the Protection of Human Subjects in Research (IRB) at Mississippi State
University (IRB #15-376).
Frozen sausage links were thawed for 24 h at 4 °C prior to sensory evaluation by
consumers. Sausage links were heated in a shallow pan with a 0.64-cm water layer
(Viking Professional, Greenwood, MS, USA) to reach an internal temperature of 74 °C
and then divided perpendicular to the axis into to 2.54-cm samples. The samples were
served warm in 3-digit coded serving cups. Each consumer was served with both pre- and
post-rigor sausage from the same steer during each tasting session. A total of 100
consumers that were recruited from Mississippi State University students, staff, and
faculty were asked to evaluate the appearance, aroma, flavor, texture, and overall
acceptability of the products on a 9-point hedonic scale (1-dislike extremely, 2-dislike
very much, 3-dislike moderately, 4-dislike slightly, 5-neither like nor dislike, 6-like
slightly, 7-like moderately, 8-like very much, and 9-like extremely; Civille & Carr,
2015). Consumers evaluated all attributes for each blind sample prior to evaluating the
next sample and the sample order was randomized to avoid sampling order bias.
Consumer WTP and demand
This experiment was conducted under the same IRB approval listed under section
2.1.2. After subjects had rated the samples for acceptability, the WTP experiment was
conducted. Since consumers tend to overstate their WTP in a hypothetical setting (List &
Gallet, 2001), the use of non-hypothetical methods such as auction methods were used to
obtain a realistic estimation of consumers’ true preference (Chang, Lusk, & Norwood,
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2009). To collect individual WTP data, a Becker–DeGroot–Marshak (BDM) auction was
conducted on the sausage after each panelist completed the consumer session. A BDM
auction mechanism was chosen because it is relatively incentive-compatible with induced
valuations, and homegrown valuations yield similar results to other auction mechanisms
for one-shot solicitation (Lusk et al., 2004, 2007). Moreover, it is a convenient method
that can be used with the random arrival of busy subjects (particularly students, staff, and
faculty) to the experiment, sometimes as few as a single individual. Also, the instructions
are simple for novice bidders to understand.
All subjects retained a copy of their sensory record sheets to refresh their
memories when placing their bids. Subjects were provided a copy of instructions
explaining the auction procedure, which the experimenter read aloud and a bidding
record sheet (available upon request). Subjects were instructed to refer to their answers in
the previous sensory analysis prior to placing bids. To establish a reasonable range of
possible values and minimize censoring of bids, allowable bids were centered on the
current local market price for cooked beef sausage. The market price of fully cooked beef
sausage was on average $5.99/lb. This market price was determined over a 3-month
period when all-beef sausages were purchased for various training purposes from a local
market, including the commercial sausage that was used in the auction as a reference
price point. Subjects were provided a $6.00 gift card to fund their attempt to purchase a
227 g (0.5 lbs) pre-packaged serving of sausage. The gift card was redeemable at a
University ran food store. The $6/lb stipend was equivalent to a $12 bid for 454 g (1 lb)
of sausage. Therefore, subjects were instructed to enter one bid in terms of $/lb, ranging
from $0 to $12 in penny increments, that was centered on $6 (approximate market value).
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At the end of the session, a market price from a uniform distribution, ranging from $0 to
$12/lb. in penny increments, was randomly drawn for each sausage serving. If the subject
submitted a bid greater than or equal to the market price, they were eligible to win that
particular sausage serving at market price. If a subject was eligible to win more than one
serving, then to maintain independent valuations and avoiding the complications of
demand reduction (Ausubel and Cramton, 2002), the experimenter randomly determined
which serving that the subject won. For the serving won, the market price was deducted
from the $6 stipend. Due to product supply constraints, the participant received a
comparable sausage and the remaining balance on the gift card. If no serving was won by
a subject, the subject retained the full $6.00 value on the gift card.
Using the subjects’ multiple independent bids (WTPs), independent product
aggregate unit-demands were constructed by means of the following thought experiment.
The quantity demanded was equivalent to the number of subjects in the experiment that
were willing to purchase a unit of each product at any given price, ranging from $0 to
$12/lb in ten-cent increments. Therefore, aggregate unit-demand was a probabilistic
distribution of quantity that was sold per product over possible prices. More formally,
aggregate unit-demand was represented by the following equation: N(1-F(p)), where N
was the number of active consumers in the market (subjects) and (1-F(p)) was the
survival function over increasing prices (p). This is appropriate when normalized on the
unit interval with no possibility for censoring of the observed bids (Laffont and Maskin,
1980). Though generally declining in price, this procedure results in a stair-step type
function. The coarseness of the steps was dependent on the number of subjects and price
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step. The demand becomes smoother as the number of subject bids increase and/or the
larger the price steps.
Constructing demand in this manner assumes that only one product was offered
and consumers only purchase one unit in a very short time frame (day of experiment).
Admittedly these are extreme assumptions as compared to estimating market demand
over longer periods of time, whereby consumers may purchase multiple units during a
single and multiple shopping experiences. Additionally, all firms in the industry were
assumed to utilize only one means of deboning. None-the-less, the classic requirement of
the law of demand was not violated, in that as price increased the quantity that was
demanded decreased.
Data analysis
Consumer sensory evaluation data analysis
Data were analyzed as a randomized block design with deboning time serving as a
fixed effect and panelist serving as the random block effect in a general linear mixed
model. Analysis of variances is performed in the GLM procedure of SAS 9.4 (SAS
Institute Inc., Cary, NC). Means, when different, were separated by a protected t-test in
the LSMEANS option of the GLM procedure. A cluster analysis was conducted using
Ward’s method within the Agglomerative Hierarchical Clustering procedure in XLSTAT
2018.2.50198. Consumer acceptability data were subsequently analyzed in each cluster
by the GLIMMIX procedure of SAS 9.4. Probability values for statistical significance
were reported.
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Willingness-to-pay and empirical aggregate unit-demand model
A t-test (n = 100) was conducted to compare the average bidding value of the
commercial brand and the actual market price of that brand. The t-test was also used to
compare the average bidding values between pre-rigor and post-rigor sausages within
each consumer cluster and across all clusters.
For statistical comparisons between product demands, each demand function was
estimated with an assumption of a smooth and continuous function. Without presumption
of the underlying ‘aggregate’ utility or its corresponding survival function, an
independent 4th degree polynomial was estimated by means of ordinary least squares
(OLS). This particular degree of polynomial was chosen based on model fit given that the
sample data was not construed as a general approximation. The regression model was as
follows:
Qi(P)=a0 + a1P + a2P2 + a3P3 + a4P4 +a5Dpre-rigor + a6Dpost-rigor + ei.
The term Qi(P) was the unit-quantity demand as a function of price (P), P ranging
from $0 to $12/lb, a1 to 6 were regression coefficients, Dpre-rigor and Dpost-rigor were dummy
variables for the fixed effect of pre-rigor and post-rigor processing with commercial
product as the basis of comparison, and ei is the error term. An F-test was conducted to
estimate the difference in average unit-demand between the pre- and post-rigor
treatments.
Results and Discussion
Consumer sensory evaluation
On average, consumers preferred the aroma and flavor of pre-rigor sausage when
compared to post-rigor sausage (P = 0.008 and 0.029, respectively; Table 5.1). These
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attribute preferences likely resulted in greater overall acceptability for pre-rigor sausage
in comparison to post-rigor sausage (P = 0.011; Table 5.1).
Consumers were sorted into five clusters based on overall acceptability (Table
5.2). Forty consumers, sorted to cluster 1 (7.9 and 8.1 overall acceptability unit for preand post-rigor, respectively; N = 34; P = 0.130) and cluster 5 (3.9 and 3.4 for pre- and
post-rigor, respectively; N = 6; P = 0.340), did not differ in their acceptability ratings of
pre- and post-rigor treatments (P ≥ 0.091). Cluster 1 included consumers who liked both
sausage treatments extremely; whereas cluster 5 consumers did not generally like
sausage, regardless of how it is produced. Cluster 2 consumers (n=15) liked the texture of
post-rigor sausage better than that of pre-rigor sausage (P = 0.004). Sukaumaran et al.
(2018) reported that pre-rigor beef had greater protein extractability than post-rigor beef
but reported no differences in descriptive texture attributes between the two types of
sausages.
Cluster analysis revealed that most of the consumers who differed in their
acceptability ratings of pre- and post-rigor sausage (75% or 45/60 in cluster 3 and 4)
preferred the sensory attributes of pre-rigor sausage to those of post-rigor sausage.
Consumers in cluster 3 (N = 37) preferred the texture of pre-rigor to that of post-rigor
sausage (P = 0.001), in addition to greater preference for pre-rigor aroma and flavor (P =
0.011 and P < 0.001, respectively). Similarly, eight consumers in cluster 4 preferred the
flavor and texture of pre-rigor sausage to those of post-rigor sausage (P = 0.001 and
0.020, respectively). Cluster 3 rated flavor of pre-rigor sausages as like very much (score
= 7.9) and that of post-rigor sausages as like moderately (score = 6.9). Cluster 4 rated
flavor of pre-rigor sausages as like moderately (score = 7.1) and that of post-rigor
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sausages between dislike slightly and neither like nor dislike (score = 4.6). Moreover,
cluster 3 rated the texture of pre-rigor sausages as like moderately (score = 7.2) and that
of post-rigor sausages as like slightly (score = 6.2). Cluster 4 rated the texture of pre-rigor
sausages between neither like nor dislike and like slightly (score = 5.7) and that of postrigor sausages between dislike slightly and dislike moderately (score = 3.7). Clusters 3
and 4 included 45 of the 60 consumers that differentiated their preferences of sensory
attributes of sausages. This 75% majority preferred pre-rigor sausage by 2 to 2.5 units on
the hedonic scale.
Willingness-to-pay and consumer demand
There was no difference in average auction price between pre-rigor ($4.88/lb.)
and post-rigor ($4.50/lb.) sausages across all clusters (P = 0.177; Table 5.3). The
commercial sausage was auctioned as average price of $5.67/lb, which was statistically
similar to the average market price of commercial all-beef sausages of $5.99/lb (P =
0.575). This finding validated the experimental design and auction method. The
commercial sausage was not a true control, but rather a reference point, because the
laboratory did not have capability to produce a true commercial product.
Consumers in cluster 3 and cluster 4 (N = 45) placed a greater average bid for prerigor sausage than post-rigor sausage (P < 0.001; Table 5.3). The average bidding values
for pre-rigor sausage in cluster 3 and cluster 4 were $5.44/lb and $6.91/lb, respectively,
compared with $4.18/lb and $1.89/lb, respectively, for post-rigor sausage. However,
consumers in cluster 2 (N = 15) and cluster 5 (N = 6) placed greater average bids for
post-rigor sausage than for pre-rigor sausage (P ≤ 0.014). The average bidding values for
pre-rigor sausage in cluster 2 and cluster 5 were $3.06/lb and $3.77/lb, respectively as
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compared to $4.71/lb and $4.62/lb, respectively for post-rigor sausage. There was mo
difference (P = 0.093) in average bids for cluster 1 (N = 34) for pre-rigor ($4.82/lb) and
post-rigor sausage ($5.37/lb). These bid value comparisons between pre-rigor and postrigor sausages in cluster 1, 2, 3, and 4 are consistent with how consumers perceived those
sausages during sensory evaluation. This finding suggests that most consumers in the
current study were rational in deciding the bidding prices, with the exception of those in
cluster 5. Results indicate that the WTP price was dictated by the value of sausages as
determined by the consumers ratings during the sensory panel. Even though, the
consumers in cluster 2 and 5 (N = 21) priced the post-rigor sausage greater, the greater
number of consumers in cluster 3 and 4 (N = 45) resulted in the greater overall WTP of
pre-rigor than post-rigor sausage.
The results of polynomial regression analysis are given in Table 5.4. The
regression analysis revealed a coefficient of determination of 0.97. All the tested
regression coefficients were significant (P ≤ 0.001) including the dummy variables for
pre- and post-rigor deboning times, with the exception of the linear price function (a1; P =
0.411). Moreover, there was a difference between pre-rigor (-1.11 lb) and post-rigor (1.82 lb) coefficients (P ≤ 0.001), which indicated a greater demand of 0.7 lb for pre-rigor
sausage. The aggregate unit-demands that were constructed from the raw data are
depicted in Fig. 1 and the predicted unit-demands are depicted in Fig. 5.2. In both figures,
the demand was greatest as the price approached $1/lb or below; whereas it was least as
the price approached $10/lb. Moreover, the predicted aggregate unit-demand curve in
Fig. 2 indicated a 0.7 lb greater demand for pre-rigor sausage at any price point from
$1/lb to $10/lb (P ≤ 0.001). According to the predicted unit-demands (Fig. 2), at any level
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of demand corresponding to the price range of $2.50/lb to $10.00/lb, this greater demand
led to an approximately $0.30/lb premium (6.7%) in WTP price for pre-rigor sausage
(6.7%). Such a premium is comparable to several other reported WTP premiums based
on convenience (cooked breakfast sausage; $0.45; Vickner, 2014), origin labeling (fresh
meat; 11 to 16%; Cicia and Colantuoni, 2010), or sensory attributes (natural, nitrite-free
sausage; approx. 10%; Hung and Verbeke, 2017). The raw aggregate unit-demand plot
(Fig. 5.1) indicated that much of this difference was allocated within the price ranges of
$2.50/lb to $4.00/lb and $6.00/lb. to $10.00/lbs. The first range seemed to match typical
discounted prices of cooked and packaged all-beef sausages; whereas the second price
range coincided with typical market prices, including those of gourmet or special-label
(natural, nitrite-free, organic, etc.) sausages. This indicates that the increased demand for
pre-rigor sausage occurred across various price points. In a scenario with a typical market
price of $6.00/lb. (without discount), the demand for pre-rigor sausage was 11.11%
greater than post-rigor sausage. This greater demand for pre-rigor sausage might be
driven by the greater acceptability of aroma, flavor and texture found in cluster 3 and 4,
as discussed previously.
Payoff neutrality was calculated by solving the following equation: profit of prerigor = profit of post-rigor, as depicted below.
𝑄𝑝𝑟𝑒−𝑟𝑖𝑔𝑜𝑟 × (𝑃𝑝𝑟𝑒−𝑟𝑖𝑔𝑜𝑟 − 𝐶𝑝𝑟𝑒−𝑟𝑖𝑔𝑜𝑟 ) = 𝑄𝑝𝑜𝑠𝑡−𝑟𝑖𝑔𝑜𝑟 × (𝑃𝑝𝑜𝑠𝑡−𝑟𝑖𝑔𝑜𝑟 − 𝐶𝑝𝑜𝑠𝑡−𝑟𝑖𝑔𝑜𝑟 )
where, Qpre-rigor and Qpost-rigor are quantity sold, Ppre-rigor and Ppost-rigor are price of
products, and Cpre-rigor and Cpost-rigor are production costs for pre-rigor and post-rigor
sausages, respectively. Pay-off neutrality was solved by calculating the cost reduction
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required for post-rigor processing to remain profit-neutral. Production cost for post-rigor
sausage to remain profit-neutral was calculated as follows:
𝐶𝑝𝑜𝑠𝑡−𝑟𝑖𝑔𝑜𝑟 = 𝑃𝑝𝑜𝑠𝑡−𝑟𝑖𝑔𝑜𝑟 −

𝑄𝑝𝑟𝑒−𝑟𝑖𝑔𝑜𝑟 × (𝑃𝑝𝑟𝑒−𝑟𝑖𝑔𝑜𝑟 − 𝐶𝑝𝑟𝑒−𝑟𝑖𝑔𝑜𝑟 )
𝑄𝑝𝑜𝑠𝑡−𝑟𝑖𝑔𝑜𝑟

Under the assumption that pre-rigor processing has the same production cost at
$2.00/lb as that of the current post-rigor processing and both are sold at the same price of
$6.00/lb., pre-rigor sausage had a demand of 7 lb; whereas post-rigor sausage demand
was 6.3 lb, based on the predicted aggregate unit-demands model. To be profit-neutral,
current post-rigor sausage production cost must be reduced to $1.56/lb, a $0.44 or 22%
reduction per lb. In a commercial setting, this would be a very challenging task.
Production cost for the future pre-rigor sausage to remain profit-neutral was calculated as
follows:
𝐶𝑝𝑟𝑒−𝑟𝑖𝑔𝑜𝑟 = 𝑃𝑝𝑟𝑒−𝑟𝑖𝑔𝑜𝑟 −

𝑄𝑝𝑜𝑠𝑡−𝑟𝑖𝑔𝑜𝑟 × (𝑃𝑝𝑜𝑠𝑡−𝑟𝑖𝑔𝑜𝑟 − 𝐶𝑝𝑜𝑠𝑡−𝑟𝑖𝑔𝑜𝑟 )
𝑄𝑝𝑟𝑒−𝑟𝑖𝑔𝑜𝑟

With the same assumptions of price and demand, pre-rigor sausage production
cost could be increased to $2.40/lb, a $0.40 or 20% increase to remain profit-neutral.
Conclusion
The results from the current study indicate that pre-rigor beef sausage has greater
consumer acceptability, WTP, and consumer demand than post-rigor beef sausage. The
greater consumer acceptability of pre-rigor sausage in the current study was mainly
driven by flavor and texture acceptability. The results also indicate that the consumers
were rational in their pricing of sausages in an incentive-compatible BDM auction. Pay113

off neutrality scenarios indicate that these findings have merits for both consumers and
sausage processors.
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Acceptability ratings of cooked beef sausages that were produced from pre- and post-rigor beef and stored
for 30 d in vacuum package under refrigeration (4 °C), as determined by a consumer panel (N = 100).

Attribute*
Pre-rigor
Post-rigor
SE
P**
Appearance
6.7
6.6
0.11
0.356
Aroma
7.3
7.0
0.14
0.008
Flavor
7.4
7.1
0.15
0.029
Texture
6.5
6.2
0.20
0.252
Overall acceptability 7.0
6.7
0.15
0.011
*
Consumer acceptability was evaluated on a hedonic scale, in which 1 = dislike extremely, 2 = dislike very much,
3 = dislike moderately, 4 = dislike slightly, 5 = neither like nor dislike, 6 = like slightly, 7 = like moderately,
8 = like very much, and 9 = like extremely).
**
Means are different if P ≤ 0.05.

Table 5.1
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Aroma
Pre-rigor Post-rigor P value
7.9
8.1
0.336
6.5
6.1
0.387
7.4
6.8
0.011
7.6
6.5
0.158
5.3
4.5
0.501

Flavor
Pre-rigor Post-rigor P value
7.9
8.3
0.091
6.5
7.1
0.223
7.9
6.9
<.001
7.1
4.6
0.001
4.0
4.7
0.563

Texture
Pre-rigor Post-rigor P value
7.4
7.5
0.767
4.1
5.9
0.004
7.2
6.2
0.001
5.7
3.7
0.020
3.7
3.1
0.294

100

Overall

$ 4.88 $ 2.80 $ -

Mean
$ 4.82
$ 3.06
$ 5.44
$ 6.91
$ 3.77

Pre-rigor
SD
Min
$ 2.27 $ 0.75
$ 2.64 $ $ 2.86 $ 0.50
$ 3.09 $ 2.50
$ 2.93 $ $ 11.50

Max
$ 10.00
$ 9.70
$ 11.20
$ 11.50
$ 6.50

$ 4.50 $ 2.45 $ -

Mean
$ 5.37
$ 4.71
$ 4.18
$ 1.89
$ 4.62

Post-rigor
SD
Min
$ 2.30 $ 0.50
$ 3.22 $ 0.50
$ 2.03 $ 0.50
$ 0.77 $ 0.50
$ 2.71 $ -

$ 10.99

Max
$ 9.00
$ 10.99
$ 9.00
$ 3.00
$ 8.22

0.177

0.093
0.014
< 0.001
< 0.001
0.009

Cluster analysis was conducted using Ward’s method within the Agglomerative Hierarchical Clustering procedure in
XLSTAT 2018.2.50198 based on overall acceptability ratings by panelists.

*

34
15
37
8
6

1
2
3
4
5

Clusters Consumers

P value

Means are different if P ≤ 0.05.
Consumer preference was evaluated on a hedonic scale, in which 1 = dislike extremely, 2 = dislike very much, 3 = dislike
moderately, 4 = dislike slightly, 5 = neither like nor dislike, 6 = like slightly, 7 = like moderately, 8 = like very much, and
9 = like extremely).

Overall
Consum
ers
Pre-rigor Post-rigor P value
34
7.9
8.1
0.130
15
5.1
6.5
<.001
37
7.7
6.4
<.001
8
6.6
4.4
<.001
6
3.9
3.4
0.340

Table 5.3 Mean bidding value ($/lb) for pre-rigor and post-rigor sausages within each consumer cluster*.

1
2
3
4
5

Clusters

Table 5.2 Cluster analysis results (N = 100) based on consumer acceptability ratings of pre- and post-rigor cooked
beef sausage.
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SE
0.376
0.355
0.124
0.016
0.001
0.267
0.267
< 0.001

P value
< 0.001
0.411
< 0.001
< 0.001
0.001
< 0.001
< 0.001

The regression model was based on the best-fit model according to the data, as follows:
Qi(P)=a0 + a1P + a2P2 + a3P3 + a4P4 +a5Dpre + a6Dpost + ei.

*

F-test of Dpre-rigor vs. Dpost-rigor

Variables*
Coefficient
Intercept
21.270
P
-0.292
P2
-0.681
3
P
0.074
P4
-0.002
Dpre-rigor
-1.112
Dpost-rigor
-1.816
Coefficient of determination (R2) = 0.97

Table 5.4 Polynomial regression analysis of aggregate unit-demands based on bidding values of pre-rigor and post-rigor
beef sausages (N = 100)

Figure 5.1

Raw aggregate unit-demands of pre- and post-rigor sausages (N = 100) and
a commercial reference (N = 20) as determined by a willingness-to-pay
auction experiment.

118

Figure 5.2

Predicted aggregate unit demands of pre- and post-rigor sausages (N = 100)
and a commercial reference (N = 20) as determined by a willingness-to-pay
auction experiment.
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CHAPTER VI
CONCLUSION
The results from the current study indicated that pre-rigor beef, similar to postrigor beef, if processed and stored properly under refrigeration within 7 d of deboning,
can be used to produce cooked beef sausage without foreseeable bacteriological risks.
Salting and refrigeration are the deciding processing steps to minimize growth of aerobic
bacteria, including Salmonella, however, are less effective on E. coli. Cooked pre-rigor
sausage can be refrigerated in vacuum packages for 30 d without significant microbial
growth. Above 30 d, although aerobic bacteria remained below spoilage level, lactic acid
bacteria in vacuum environment reached 3 to 4 log CFU/g from a non-detectable level on
d 0, resulting in pH decline and possible development of undesirable flavors such as
sourness. Moreover, pre-rigor deboning of beef improves meat protein functionality but
not quality attributes of cooked sausage when 0.25 % phosphate was used for the
formulation of sausage batter. Early exposure of pre-rigor meat to salt accelerates lipid
oxidation; therefore, processors must use antioxidants to control oxidation in pre-rigor
processed meat products. Moreover, vacuum-packaged cooked beef sausage can be
stored for 60 d without substantial development of off-odors. Greater concentration of
salt may be required to retard the rate of glycolysis and to maintain pre-rigor pH and
prevent further rigor development in pre-rigor meat. Pre-rigor processing yields sausage
with greater consumer acceptability and demand. However, scalable production costs
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should be considered before finalizing the decision to implement pre-rigor processing in
an industrial setting. Further studies are needed to compare pre- and post-rigor meat
without phosphate to formulate a cleaner label product and continue to monitor rigor state
of beef used for sausage production to determine the optimum salt concentration and time
of production.
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